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FEASIBILITY  INVESTIGATION  OF 
INTEGRATED  OPTICS  FOURIER  TRANSFORM  DEVICES 

C. M. Verber, D. W. Vahey, V.  E. Wood, 
R. P. Kenan,  and  N. F . Hartman 
Battelle-Columbus  Laboratories 

SUMMARY 

This  program  had  the  dual  goals of investigating  the  feasibility 
of an integrated  optics  Fourier-transform  device  and  investigating  the 
ways  in  which  some of NASA's current  and  projected  data-handling  problems 
might be  solved by integrated  optics  techniques.  Since  the  kef  to  Fourier- 
transform  processing  is  the  availability  of  high-quality  lenses,  much 
effort  was  devoted  to  the  lens  problem.  The  key  accomplishments of this 
part  of  the  program  were 

0 Production  of  near-diffraction-limited  geodesic 

lenses  in  glass  waveguides. 
0 Development  of  grinding and polishing  techniques 

for  the  production  of  geodesic  lenses  in  LiNbO 
waveguides. 

3 

Development  of  a  characterization  technique  for 

waveguide  lenses. 
0 Development  of  a  theory  for  corrected  aspheric 

geodesic  lenses. 
As a  result  of  this work we conclude  that  the  production of high-quality 
large-  aperture,  low f /number  geodesic  waveguide  lenses  is  possible. 

In addressing  the  problem of applicability of integrated  optics 
techniques  to  NASA  data  handling  problems, we devised  a  holographic  sub- 
traction  system  which  should  be  capable  of  rapid  on-board  preprocessing 
of  a  large  number  of  parallel  data  channels.  Experimental  verification 
of some of the  principles  involved  resulted in 

0 Writing of high-diffraction-efficiency  holograms 

3 in an iron infused  spot in an outdiffused  LiNbO 
waveguide. 

.. . . 



The f i r s t   d e m o n s t r a t i o n   o f   h o l o g r a p h i c   s u b t r a c t i o n  

i n  a waveguide  hologram. 

0 The f i r s t   demons t r a t ion   o f   ho log raph ic   wr i t i ng  by 

guided  waves  using  two-photon  absorption. 

The r e su l t s   t hus   ob ta ined   i nd ica t e   t ha t   t he re   shou ld   be  no  major  obstacles 

toward   bu i ld ing   the   ho lographic   subt rac t ion   sys tem.  

2 



I. INTRODUCTION 

The goa l s  of t h i s  program  have  been to   i nves - t iga t e   bo th   expe r i -  

menta l ly  and t h e o r e t i c a l l y   t h e   p o s s i b i l i t y  of producing  an  integrated 

op t i c s   da t a -p rocess ing   dev ice   based  upon Four ie r -   t ransform  or   o ther  

para l le l -process ing   techniques ,   and   to   s tudy   the  ways i n  which  devices 

based upon  such  techniques may be  used  to  upgrade  the  performance of 

present   and  projected NASA systems. Our s t u d i e s   h a v e   p a r t i c u l a r l y  

addressed  the  problem of r educ ing   t he   da t a   t r ansmiss ion ,   s to rage  and 

reduction  requirements  which are becoming increas ingly   onerous   in  many 

of NASA's experimental  programs. 

The B a t t e l l e  program i n i t i a l l y  emphasized  the  construction  of 

a s imple  one-dimensional   Fourier- t ransform  device  ut i l iz ing  integrated 

opt ics   t echnology.  As a r e su l t   o f   d i scuss ions   w i th  NASA personnel   on 

p o s s i b l e   a p p l i c a t i o n s  of   such   in tegra ted   op t ics   t echniques ,  i t  became 

appa ren t   t ha t  i t  would b e   p a r t i c u l a r l y   d e s i r a b l e   t o   d e v e l o p  a device  

f o r   s c r e e n i n g   o r   p r e p r o c e s s i n g   t h e   p a r a l l e l   o u t p u t s   o f  a mult ichannel  

instrument  such as the  Mult ichannel  Ocean Color  Sensor (MOCS). Accord- 

i ng ly ,  Bat te l le  devised a concep t   fo r  a mul t ichannel   da ta   p reprocessor  

based upon holographic   subt rac t ion   in   an   op t ica l   waveguide .  Owing t o  

this  development,   the  program  has had severa l   a reas   o f   emphas is ,   each  

of  which will be d e a l t   w i t h   i n   t h i s   r e p o r t .  These  include 

Consideration  of  the  one-dimensional  Fourier-transform 

problem 

0 Fabr i ca t ion  and c h a r a c t e r i z a t i o n  of  waveguide  lenses 

0 Consideration  of NASA a p p l i c a t i o n s   f o r   i n t e g r a t e d  

op t i c s   da t a   p rocess ing   dev ices  

0 Prel iminary  experimental  and des ign  work  on the  holo-  

g raph ic   sub t r ac t ion   dev ice .  

A s  a r e s u l t   o f   t h e  work   per formed  under   th i s   cont rac t   severa l  

c l a s ses   o f   po ten t i a l ly   u se fu l   i n t eg ra t ed   op t i c s   sys t ems  have  been  identi-  

f ied .   In   addi t ion ,   p re l iminary   exper imenta l  work has  been  performed  to 

demonstrate some of   the  concepts   involved  in   these  systems and t o   e x p l o r e  

the   necessa ry   f ab r i ca t ion   t echn iques .   Pa r t i cu la r   a t t en t ion  was g i v e n   t o  

3 



t he   cho ice  of materials which  would  be most s u i t a b l e   f o r  NASA's purposes.  

The requirements  imposed  by the   ho log raph ic   sub t r ac t ion   p rocess ,   t he   da t a  

input  mechanisms, ease of f a b r i c a t i o n  and h i g h   o p t i c a l   q u a l i t y   r e s u l t e d  

i n   t h e   s e l e c t i o n   o f   c r y s t a l l i n e   l i t h i u m   n i o b a t e  (Limo3) as the  pr imary 

c a n d i d a t e   f o r   t h e   s u b s t r a t e   m a t e r i a l .  

I n  Sec. I1 of t h i s   r e p o r t  we f i r s t   d i s c u s s  some o f   t h e   o p t i c a l  

data-processing  techniques  amenable   to   the  planar   integrated  opt ics  con- 

f i g u r a t i o n .  We then  show how the   need   for   p roducing  a v a r i e t y  of device  

components  compatibly  upon a s i n g l e   s u b s t r a t e   s u g g e s t s   s p e c i f i c  combina- 

t i ons   o f  components and s p e c i f i c   c h o i c e s  o f  ma te r i a l s .   Sec t ion  I11 con- 

t a i n s  a discussion  of   the  Fourier- t ransformation  propert ies   of   waveguide 

l enses  by way o f   i n t r o d u c i n g ,   i n  Sec. I V Y  exper imenta l   da ta   on  a v a r i e t y  

of  waveguides  and l e n s e s   t e s t e d   i n   t h i s  program. T h e o r e t i c a l   r e s u l t s ,  

inc luding  a new approach   fo r   co r rec t ing   abe r ra t ions   i n   geodes i c  waveguide 

l e n s e s   a r e   o u t l i n e d   i n  Sec. I V  and d i s c u s s e d   f u l l y   i n  Ref.erences 33 

and 40. 

A major   port ion  of   this   program was directed  toward  designing 

systems  -which would be   capab le   o f   p rov id ing   so lu t ions   t o  some of NASA's 

data   handl ing  problems.   In  Sec. V we p resen t  a b r i e f   d i s c u s s i o n   o f  a 

Fourier- t ransform  approach  to   preprocessing  spectroscopic   data   such  as  

t ha t   o r ig ina t ing   f rom  the  Carbon  Monoxide Pollution  Experiment (COPE) (2) 

i n   a d d i t i o n   t o   t h e  more extended  t reatment   of  a ho lographic   subt rac t ion  

approach  to   preprocessing  mult ichannel  MOCS - type   da ta .   This   d i scuss ion  

of   the  mult ichannel   preprocessor  i s  supplemented i n  Sec. V I  by suppor t ing  

exper imenta l   da ta   on   ho lographic   subt rac t ion  and ca l cu la t ions   on   t he  

l i m i t a t i o n s  imposed  by  superimposing  metal  electrodes  on  the  waveguide 

s t r u c t u r e s .   h o n g   t h e   s p e c i f i c   a c c o m p l i s h m e n t s   d i s c u s s e d   i n   t h i s  

r e p o r t   a r e  

0 Fabr i ca t ion   o f .   h igh   qua l i t y   sphe r i ca l   dep res s ions   fo r  

geodes i c   l enses   i n   g l a s s  and LiNbO waveguides 

Development of t echn iques   fo r   t he   cha rac t e r i za t ion  
3 

of waveguide l enses  

0 Theory  of  aspheric  geodesic  lenses 
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0 Prel iminary  design of in tegra ted   op t ics   sys tems 

compat ib le   wi th   the  MOCS and COPE missions 

F i r s t   demons t r a t ion   o f   ho log raph ic   sub t r ac t ion   i n  

an  opt ical   waveguide.  

Certain commerc ia l   p roduc t s   a r e   i den t i f i ed   i n   t h i s   pape r   i n   o rde r  

to   spec i fy   adequate ly   which   products  were inves t iga t ed  in  the   r e sea rch  

e f f o r t .   I n  no case  does  such  ident i f icat ion  imply  recommendat ion  or  

endorsement of t he   p roduc t s  by NASA, nor  does it imply   tha t   the   p roducts  

a re   necessa r i ly   t he   on ly   ones   o r   t he   bes t   ones   ava i l ab le   fo r   t he   pu rpose .  

I n  many cases   equiva len t   p roducts   a re   ava i lab le  and  would probably  produce 

e q u i v a l e n t   r e s u l t s .  
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11. INTEGRATED OPTICAL DATA 
PROCESSING  TECHNIQUES 

The major i ty   o f   coherent   op t ica l   da ta -process ing   sys tems  a re  

descr ibed  by the  diagram  of   Figure 11-1. Amplitude  and  phase  informa- 

t i o n   a r e  imposed  on a Gaussian beam o f   l a s e r   l i g h t   a s  i t  passes  through 

the   input   p lane   o f  a t yp ica l   p rocesso r .   Lenses ,   spa t i a l  f i l t e rs ,  and 

o t h e r   o p t i c a l   d e v i c e s   f u r t h e r   m o d u l a t e   t h e  beam i n  such a way t h a t   t h e  

l i g h t   d i s t r i b u t i o n   i n   t h e   o u t p u t   p l a n e   o f   t h e   p r o c e s s o r   i n d i c a t e s   t h e  

answers   to   specif ic   quest ions  about   the  input   information.   These  ques-  

t ions ,   for   example ,  may have t o  do wi th   the   p resence  o r  absence  of a 

cer ta in   two-dimens iona l   pa t te rn  among a g roup   o f   pa t t e rns   l oca t ed   a t   t he  

input   p lane ,   o r   wi th   smal l   d i f fe rences   be tween two s imi la r   scenes .   These  

two examples a r e   t y p i c a l   b u t  by no means exhaus t ive   o f   the   uses   to   which  

r e s e a r c h e r s   i n   t h e   f i e l d  have  appl ied  coherent   opt ical   processing.  (3) 

I n   t h i s   s e c t i o n ,   o u r   t a s k  is  t o   d i s c u s s  a modif ied  vers ion  of  

op t i ca l   p rocess ing   i n   wh ich   t he   spa t i a l ly   modu la t ed   l i gh t  wave i s  no 

longer  a three-dimensional beam but  i s  r a t h e r  a shee t   o f   l igh t   p ropagat -  

i n g   w i t h i n  a few mic rons   o f   t he   su r f ace   o f   an   op t i ca l   d i e l ec t r i c  wave- 

gu ide .   Because   t he   g rea t e r   pa r t   o f   t he   op t i ca l   ene rgy  i s  confined 

t o   t h e  volume  of a d i e l e c t r i c ,   t h e   p h y s i c a l  means f o r   i n t r o d u c i n g  and 

process ing   in format ion   on   the   shee t   o f   l igh t   mus t   necessar i ly   be   d i f -  

f e r en t   t han   fo r   t he   conven t iona l   ca se   o f  a l i g h t  beam p ropaga t ing   i n   f r ee  

space.  The u l t i m a t e   s u c c e s s   o f   i n t e g r a t e d   o p t i c a l   d a t a   p r o c e s s i n g  rests 

upon the   successfu l   es tab l i shment   o f   these   means .  

(4 ) 

- EXAMPLES  OF INTEGRATED OPTICAL DATA PROCESSORS 

Fourier  Transform  Processors 

To i l l u s t r a t e   t h e   k i n d s   o f   s y s t e m s   u n d e r   c o n s i d e r a t i o n ,  w e  

show i n   F i g u r e  11 -2a   an   i n t eg ra t ed   op t i ca l   Four i e r - t r ans fo rm  p rocesso r  

t o  be  used in   one-dimensional   spectrum  analysis .  The d e v i c e   c o n s i s t s  

of the   fo l lowing   e lements :  
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FIGURE 11-1. SCHEMATIC DIAGRAM OF A GENERALIZED  OPTICAL DATA 
PROCESSING SYSTEM. OPTICAL  PROCESSING  EQUIPMENT 
INCLUDES  LENSES,  MIRRORS, BEAM SPLITTERS,  APERTURES, 
STOPS, HOLOGRAMS, AND PHOTOGRAPHIC  TRANSPARENCIES. 
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S D 

(a) A FOURIER-TRANSFORM  PROCESSOR 

I L  M L SF L I 

(b) AN OPTICAL CORRELATOR. S = DIODE  LASER  SOURCE; 
L = LENS ; M = MODULATOR; D = DETECTOR ARRAY; 
S F  = SPATIAL  FILTER; W = WAVEGUIDE 

FIGURE  11-2.  INTEGRATED  OPTICAL  PROCESSORS. 
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(1) An o p t i c a l   d i e l e c t r i c  waveguide, 

(2) An i n t e g r a t e d   d i o d e   l a s e r   s o u r c e ,  

(3) A c o l l i m a t i n g   l e n s ,  

(4) A modu la to r   fo r   i n t roduc ing   spa t i a l   i n fo rma t ion  
i n  a reg ion   normal   to   the   p ropagat ion   d i rec t ion ,  

(5) A d i f f r a c t i o n   l i m i t e d  waveguide l ens   l oca t ed  
one   foca l   l eng th  away from  the  modulator, 

( 6 )  A d e t e c t o r   a r r a y   i n   t h e   b a c k   f o c a l   p l a n e   o f   t h e  
l ens   fo r   p rocess ing   i n fo rma t ion .  

A more ve r sa t i l e   sys t em,   capab le   o f   pe r fo rming   op t i ca l   co r re l a t ions ,  is  

shown in   F igu re   I I -2b .  The d e t e c t o r   a r r a y  i s  moved t o   t h e  image plane  of  

a p a i r   o f   d i f f r a c t i o n - l i m i t e d  waveguide lenses ,   whi le  a modulator  used 

f o r   s p a t i a l   f i l t e r i n g  i s  p l aced   i n   t he   t r ans fo rm  p l ane .   Th i s   t ype   o f  

processor  i s  the   in tegra ted   op t ica l   ana logue   to   the   th ree-d imens iona l  

p rocesso r   conven t iona l ly   u sed   fo r   pa t t e rn   r ecogn i t ion .  (5 1 

Holographic   Subtract ion  Processors  

Another  type of p rocess ing   ope ra t ion   t ha t  i s  u s e f u l  i s  the   de tec-  

t ion   o f   d i f fe rences   be tween  an   in format ion   input   pa t te rn  and a prescr ibed  

r e f e r e n c e   p a t t e r n .   I f   t h e   d i f f e r e n c e s   a r e   s m a l l ,  methods   involv ing   spa t ia l  

f i l t e r i n g   i n   t h e   t r a n s f o r m   p l a n e   o f  a p r o c e s s o r   a r e   l i k e l y   t o   b e   i n s e n s i -  

t i v e   o r   s u b j e c t   t o   e r r o r .   I n   c o n t r a s t ,   t h e   h o l o g r a p h i c   s u b t r a c t i o n  of 

i npu t  images  from a r e fe rence  image is  a d i f f e rence   de t ec t ion   t echn ique  

tha t   has   p roven   usefu l   in   th ree   d imens ions .  ( 6 )  I n   t h i s   t e c h n i q u e ,   s p a t i a l  

f i l t e r i n g  is e f f ec t ive ly   pe r fo rmed   i n   t he  image p l a n e   r a t h e r   t h a n   i n   t h e  

t ransform  plane  of  a processor .  

An in tegra ted   op t ica l   sys tem  des igned   to   per form  holographic   sub-  

t r ac t ion   o f   one -d imens iona l   spa t i a l   i n fo rma t ion   pa t t e rns  w i l l  be   considered 

a t  l e n g t h   i n   S e c .  V of t h i s   r e p o r t ,   i n   c o n n e c t i o n   w i t h  i t s  p o t e n t i a l   f o r  

preprocessing  images  obtained  with NASA's Multichannel Ocean  Color  Sensor 

(MOCS) (I). For   purposes   o f   the   p resent   d i scuss ion ,  w e  no te   t ha t   t he   sys t em 

u t i l i z e s   t h e  same components as the   Four i e r - t r ans fo rm  p rocesso r s   o f  

F ig .   11-2 ,   wi th   the   addi t ion   o f   mir rors  and beam s p l i t t e r s   n e c e s s a r y   f o r  

t h e   f a b r i c a t i o n  of an i n t e g r a t e d - o p t i c a l  Mach-Zehnder in t e r f e romete r .  Also,  

t h e   s p a t i a l   f i l t e r i n g   e l e m e n t   i n   t h i s   s y s t e m  is requ i r ed   t o   be  a waveguide 
hologram. 
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KEY ELEMENTS  FOR THE DEVELOPMENT  OF 
INTEGRATED OPTICAL  PROCESSORS 

The Waveguide 

I n   o r d e r   f o r   a n y   o p t i c a l   p r o c e s s o r   t o   p e r f o r m   a t  i t s  b e s t ,   t h e r e  

should  be no spur ious   ampl i tude   o r   phase   d i s tor t ion   o f   the   in format ion-  

c a r r y i n g   l i g h t  beam. In   th ree-d imens iona l   p rocessor ,   the  beam usua l ly  

p ropaga te s   i n  s t i l l  a i r ,  a ma te r i a l   o f   such   h igh   op t i ca l   qua l i t y   t ha t  

t h i s   r equ i r emen t  is  o f t e n   o v e r l o o k e d .   I n   a n   i n t e g r a t e d   o p t i c a l   p r o c e s s o r ,  

t h e  beam must propagate   in  a d i e l e c t r i c  waveguide.   Scat ter ing  centers ,  

absorp t ion  and re f rac t ive- ' index   inhomogenei t ies   d i s tor t   the   ampl i tude  and 

phase  of a guided wave and impair  i t s  u t i l i t y  a's a ca r r i e r   o f   i n fo rma t ion .  

The f a c t   t h a t   a l l   t h e  components  of a process ing   sys tem  can   be   fabr ica ted  

on a waveguide  chip i s  no guarantee   tha t   the   device  w i l l  f u n c t i o n   a s  

designed  unless  the  waveguide  has a high  degree  of  transparency and s p a t i a l  

un i formi ty .  

The two major   c lasses   of   planar   opt ical   waveguides  f w  in t eg ra t ed  

opt ica l   p rocessors   a re   g raded- index   gu ides  and th in - f i lm   gu ides .  The l a t t e r  

cons is t   o f   un i form  d ie lec t r ic   f i lms   about  1 p m  t h i c k   t h a t   a r e   e s t a b l i s h e d  

on   subs t r a t e s  of   lower   re f rac t ive   index  by  means such   a s   r f   spu t t e r ing ,  

ep i tax ia l   g rowth ,  ( 8 )  and so lu t ion   depos i t i on .  (') Graded-index  guides  are 

formed  by doping  or  by pe r tu rb ing   t he   s to i ch iomet ry   o f  a m a t e r i a l   i n   t h e  

v i c i n i t y  of i t s  sur face .   This  i s  usually  accomplished by d i f f u s i o n ,  

e f fus ion ,   o r   i on   exchange .  (loyll) Since  the  dopant   concentrat ion  or   the 

s to i ch iomet ry   va r i e s   con t inuous ly   w i th   dep th ,   t he   r e f r ac t ive   i ndex   p ro f i l e  

i s  "graded". This  i s  i n   c o n t r a s t   t o   t h e   " s t e p "   i n d e x   p r o f i l e   o f   t h i n - f i l m  

l igh t   gu ides .  

( 7 )  

Step-index  guides   have  the  disadvantage  that   waveguided  l ight  may 

be   sca t te red  by imper fec t ions   a t   bo th   t he   a i r - f i lm   boundary  and the   f i lm-  

subs t r a t e   i n t e r f ace .   S ince   t he   l a t t e r   i n t e r f ace   does   no t   ex i s t   fo r  a 

graded- index   gu ide ,   th i s  t y p e  i s  somewhat e a s i e r   t o   f a b r i c a t e   w i t h   h i g h  

o p t i c a l   q u a l i t y .  Waveguides  formed i n  LiNbO by L i  ou t -d i f fus ion  and by 

the   i n -d i f fus ion   o f   va r ious   me ta l l i c   i ons   a r e   t he  most of ten  s tudied  graded-  

index  guides.  (10y12) L o s s e s   i n   t h i s   m a t e r i a l   a r e  so s l i g h t   t h a t  it i s  

3 
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d i f f i c u l t   t o   m e a s u r e  them, b u t   t h e  most connuon estimate i s  t h a t   t h e y  are 

4 1 dB/cm. Waveguides of   on ly  0.1 dB/cm a t t e n u a t i o n  may b e   f a b r i c a t e d   i n  

g l a s s  by the  Ag-ion  exchange  technique, (11) bu t  some of these  waveguides 

have  been  observed t o   d e t e r i o r a t e   i n  time, probably  because of chemical 

r eac t ions   i nvo lv ing   l oose ly  bound Ag atoms a t   t h e   s u r f a c e .  

In waveguides   formed  using  thin-f i lm  techniques,   opt ical   qual i ty  

depends   s t rongly   on   the  materials and . f a b r i c a t i o n  methods.  Losses as low as 

0.04 dB/cm have   been   repor ted   for   o rgano-s i l icon   f i lms ,  (13) bu t   t hese   gu ides  

are suspec t   fo r   app l i ca t ions   because  of t he   p rospec t  of  thermal  and  chemical 

degrada t ion .   Sput te red   bar ium  s i l i ca te   f i lms   on   microscope   s l ides   have  

shown los ses   a s  low as 0.6 dB/cm when care was e x e r c i s e d   i n   s u b s t r a t e  

prepara t ion .  (7) These   a re   c lear ly   candida te   waveguides   for   in tegra ted   op t i -  

ca l  processors ,  as are e p i t a x i a l l y  grown films of ZnO on A 1  0 ( I 4 )  and f i lms  

of Limo3 on LiTa03, (I5) which e x h i b i t   l o s s e s   a s  l o w  as  1 dB/cm. 
2 3  

On the   o the r   hand ,   t he   ep i t ax ia l   fo rma t ion   o f  GaAs and GaAlAs 

layers   has   not   led  to   waveguides   with  a t tenuat ions much lower  than 

4 dB/cm. (I5) The reason  i s  t h a t   t h e  severe physical  conditions  under  which 

ep i t axy  i s  p resen t ly   ca r r i ed   ou t   l ead   t o   t he   fo rma t ion   o f   f i lm-subs t r a t e  

i n t e r f a c e s  o f  p o o r   o p t i c a l   q u a l i t y .  While GaAs i s  i n   t h e   f . o r e f r o n t   o f   i n t e -  

g r a t e d   o p t i c a l   m a t e r i a l s   f o r   c o m u n i c a t i o n s ,  owing t o   t h e  development  of 

m i n i a t u r e   e l e c t r i c a l l y  pumped l a s e r s   i n   t h a t   m a t e r i a l ,  i t  i s  not   ye t  

s u i t a b l e   f o r   t h e   i n t e g r a t e d   o p t i c a l   d a t a - p r o c e s s i n g   a p p l i c a t i o n s   e n v i s i o n e d  

i n   t h i s   r e p o r t .  

(16) 

Active  Elements   for   Information  Input  
and S p a t i a l   F i l t e r i n g  

Acoustooptic  Input  Devices 

In   three-dimensional   processors ,   photographic   t ransparencies  

and bu lk   acous t i c  waves a r e   t h e   d e v i c e s  most of ten  used  for   imposing 

phase and amplitude  information  on a coherent  beam of l i gh t .   Su r face  . 

acous t i c  waves are n a t u r a l   c a n d i d a t e s   f o r   u s e   i n   m o d u l a t i n g  waveguided 

l i g h t   i n   i n t e g r a t e d   o p t i c a l   p r o c e s s o r s ,  and  considerable work. is  a l r eady  

\ 
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underway i n   t h i s  area. Most of  i t  has  been  done i n   h i g h   q u a l i t y  waveguides 

of ou t -d i f fused   Limog,  owing t o   t h e   e x c e l l e n t   p i e z o e l e c t r i c   p r o p e r t i e s   o f  

t h i s  material. (17) ZnO th in - f i lm   wavegu ides   a r e   a l so   p i ezoe lec t r i c  and 

may be   u sed   fo r   i n t eg ra t ed   acous toop t i c   p rocess ing .  (18) The o ther   candi -  

da t e   wavegu ide   fo r   i n t eg ra t ed   op t i ca l   p rocess ing ,   spu t t e red   g l a s s  f i l m ,  can 

be  used i f   t h e   s u b s t r a t e  i s  a p i e z o e l e c t r i c   m a t e r i a l   l i k e   q u a r t z ,   o r   i f   a n  

acous t i c  wave is  g e n e r a t e d   i n  ZnO f i l m  and subsequent ly   coupled  into  the 

g lass   gu ide .  The acous toopt ic   in te rac t ion   has   been   s tud ied   in   severa l  

other   types  of   waveguides   that   are  less well known than   those  we have 

descr ibed .  (19’20) It i s  p o s s i b l e   t h a t   o n e   o r  more o f   t h e s e  w i l l  even tua l ly  

p rove   u se fu l   fo r   i n t eg ra t ed   op t i ca l   p rocess ing .  

Electroopt ic   Input   Devices  

A second means fo r   spa t i a l ly   modu la t ing   t he   phase   o f  a guided 

wave may be   based   on   t he   e l ec t roop t i c   e f f ec t .  To u t i l i z e   t h i s   e f f e c t ,  a 

series o f   e l e c t r o d e s  i s  e s t ab l i shed   on   t he   su r f ace   o f  a waveguide d i r e c t l y  

above and p a r a l l e l   t o   t h e   p a t h   o f  a guided beam. After t h e  .beam passes  

benea th   the   e lec t rodes ,   the   curva ture   o f  i t s  phase  wavefront is  l i n e a r l y  

r e l a t e d   t o   t h e  e lec t r ic  f i e ld   pa t t e rn   i nduced   i n   t he   gu ide   by   vo l t ages  

a p p l i e d   t o   t h e   e l e c t r o d e s .  The e f f e c t  i s  ana logous   t o   t ha t  which  occurs i n  

a three-dimensional   processor  when t h e  beam passes   through a phase  object .  

The d i f f e r e n c e  i s  t h a t   t h e   p h a s e   o b j e c t   i n   t h e   i n t e g r a t e d   o p t i c a l  case may 

be  changed i n  times expec ted   to   as   shor t   as   severa l   nanoseconds  by varying 

the   vo l t ages   app l i ed   t o   t he   e l ec t rodes .   Th i s   r ap id   r e sponse   capab i l i t y  

cannot   be   ach ieved   in   th ree-d imens iona l   op t ica l   p rocessors .  Even the  speed 

of acous toopt ic   devices  i s  l imi ted   to   the   microsecond  range  by the  time i t  

t akes  sound t o   t r a v e r s e  a 5 nnn wide  processing beam. 

Both LiNbO and ZnO waveguides   are   e lectroopt ic  and information- 3 
input   devices   based   on   . th i s   e f fec t  may b e   f a b r i c a t e d   i n   e i t h e r   m a t e r i a l .  

However, i t  i s  d i f f i c u l t   t o  see how a p rac t i ca l   e l ec t roop t i c   i npu t   dev ice  

could  be  designed  for   use  with  sput tered-glass   thin-f i lm  waveguides .  

Though these   have   t he   p re requ i s i t e   h igh   qua l i t y   fo r   op t i ca l   p rocess ing ,  

i t  a p p e a r s   t h a t   t h e i r   u t i l i t y  w i l l  be l imi ted   to   acous toopt ic   sys tems.  
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The choice   be tween  e lec t roopt ic  and acous toopt ic   input   t ech-  

n iques   depends   on   the   na ture   o f   the   p rocess ing   to   be   done .  Our exper i -  

ence   sugges t s   t ha t   acous toop t i c   i npu t   dev ices  will b e   a p p r o p r i a t e   f o r  

one -d imens iona l   spec t r a l   ana lys i s ,   wh i l e   e l ec t roop t i c   i npu t   dev ices  

will be  appropriate  for  image-comparison  processing. 

S p a t i a l   F i l t e r s  and  Holograms 

The s i m p l e s t   s p a t i a l   f i l t e r s   a r e   a m p l i t u d e  masks wi th  a s p a t i -  

a l l y   v a r y i n g   t r a n s m i t t a n c e   o f   e i t h e r  0 o r   d 3 ) I n   i n t e g r a t e d   o p t i c s   t h e s e  

can   be   fabr ica ted   by   t e rmina t ing  a waveguide o r   bu i ld ing   an   ou tpu t   coup le r  

i n   r e g i o n s  where 0 t r ansmi t t ance  i s  d e s i r e d .  More compl i ca t ed   spa t i a l  

f i l t e r s   f o r   u s e   i n   o p t i c a l   c o r r e l a t i o n  and  image  comparison  require  the 

f ab r i ca t ion   o f  waveguide  hol~grams!~)One  possible way t o   a c c o m p l i s h   t h i s  

would  be t o   e s t a b l i s h  a pho tosens i t i ve   f i lm   on   t he   su r f ace   o f  a waveguide, 

and then  expose it to   t he   evanescen t  waves  of two in t e r f e r ing   gu ided  beams. 

The d i f f i c u l t y   w i t h   t h i s   t e c h n i q u e  i s  t h a t  most o f   t he   op t i ca l   ene rgy  

propagates  inside  the  waveguide and away f rom  the   photosens i t ive  material .  

T h i s   r e s u l t s   i n  low w r i t i n g   s e n s i t i v i t i e s  and low d i f f r a c t i o n   e f f i c i e n c i e s .  

While th i s   app roach  i s  u n a t t r a c t i v e ,  it appea r s   t o   be   t he   bes t  

way to  perform  holography  in  waveguides  such  as ZnO and s p u t t e r e d   g l a s s .  

By good fo r tune ,  LiNb03 d i f f e r s   f r o m   t h e s e   m a t e r i a l s   i n   t h a t  it i s  use fu l  

for   ho lography  as  well a s   i n t e g r a t e d   o p t i c s .  (21) We have  recorded  holograms 

d i r e c t l y   i n  waveguides  of t h i s   m a t e r i a l   w i t h o u t   t h e   u s e  of pho tosens i t i ve  

over lays .  (22) The holograms  can  be  thermally  f ixed and subsequent ly   ther-  

ma l ly   e r a sed   a t  a higher   temperature .  (23) This makes it p o s s i b l e   t o   u s e  

t h e  same LiNb03 processor   with a v a r i e t y  of s p a t i a l   f i l t e r s  and  holograms. 

One o t h e r   i n t e g r a t e d   o p t i c a l   m a t e r i a l   t h a t   h a s   t h e   c a p a b i l i t y   f o r  

holography i s  Ag-ion  exchanged or   F-outdif . fused  photochromic  glass .  

Photochromic  glass i s  complimentary t o  Limog i n   t h a t  i t  i s  u s e d   t o  form 

amplitude  holograms,  while LiNbO i s  used  to  form  phase  holograms.  Tradi- 

t i ona l ly   ampl i tude   ho log rams   have   been   u sed   a s   spa t i a l   f i l t e r s  i n  t h e  

t r a n s f o r m   p l a n e   o f   o p t i c a l   c o r r e l a t o r s ;  however,  phase  holograms  do  not 

abso rb   l i gh t  and  have t h e   c a p a c i t y   f o r   h i g h e r   d i f f r a c t i o n   e f f i c i e n c y .  

(24 )  

3 
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They appear more u s e f u l   f o r   i n t e g r a t e d   o p t i c a l - p r o c e s s i n g   a p p l i c a t i o n s .  

Apart  from t h i s ,  waveguides of photochromic  glass are less v e r s a t i l e   t h a n  

LiNbO waveguides   because   they   lack   the   e lec t roopt ic  and acous toopt ic  

c a p a b i l i t i e s ,  and they   can   exh ib i t  a loss of o p t i c a l   q u a l i t y   w i t h  time. (11) 
3 

Pass ive   E lements   for   In tegra ted   Opt ica l   Process ing  

Waveguide  Lenses 

The 2 r i n c i p a l  component of   op t ica l   spec t rum  ana lyzers  and cor- 

r e l a t o r s ,   s u c h   a s   t h o s e  shown in   F igu re   11 -2 ,  i s  a d i f f r a c t i o n - l i m i t e d   l e n s .  

The es tab l i shment   o f   such   lenses   in   op t ica l   waveguides  was t h e   p r i n c i p a l  

experimental   goal   of   this   program, and o u r   r e s u l t s  are d i scussed   ex tens ive ly  

i n  Sec. I V .  

Figure 11-3 shows three  types  of   waveguide  lenses   that   are   can-  

d i d a t e s   f o r   u s e   i n   i n t e g r a t e d   o p t i c a l   p r o c e s s o r :  mode-index l enses ,  (25 , 26)  

Luneburg l enses ,  (27 y28)  and geodes ic   l enses .  (29-31) The mode-index v a r i e t y  

i s  most s imi l a r   t o   conven t iona l   t h ree -d imens iona l   l enses   i n   t ha t   focus ing  

i s  accompl ished   by   re f rac t ion   a t  a curved  interface  between two waveguides. 

A Luneburg l e n s  i s  a c i r c u l a r   t y p e   o f  mode-index l e n s   i n  which t h e  

mode-index  decreases  concentrically  from i t s  maximum v a l u e   a t   l e n s   c e n t e r  

t o   t h e  mode index  of  the  waveguide  at   the  circumference.   Geodesic  lenses 

c o n s i s t  of a non-planar   waveguide  region,   usual ly   in   the  form  of  a dome 

o r   d e p r e s s i o n ,   i n  an  otherwise  planar  waveguide. They accomplish  focusing 

by pe r tu rb ing   t he   phys i ca l   pa th  of rays   ra ther   than   the   index   of   the  

waveguide  through  which  the  rays  travel.  

Both  mode-index and Luneburg l enses  may be f a b r i c a t e d  by sput- 

t e r i n g   l e n s   m a t e r i a l   o n t o  a waveguide  through  an  appropriately  shaped 

mask. To obtain  lenses   of   high  power,   the   refract ive  index  of   the  lens  

ma te r i a l   shou ld   be   s ign i f i can t ly   h ighe r   t han   t ha t   o f   t he  waveguide mode 

being  focused.  Typical  combinations  have  been Nb 0 and ZnS l enses  

(n - 2 . 3 )  on  glass  waveguides and s u b s t r a t e s   ( n  - 1.5).(25y27) Care  must 

be   t aken   to   min imize   sca t te r ing   losses   f rom mode mismatch as waveguided 

l i g h t   e n t e r s   t h e   h i g h - i n d e x  lens r eg ion .   S ince   t he  Luneburg lens   has  a 

2 5  
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FIGURE 11-3. THREE TYPES OF WAVEGUIDE LENSES. 



t a p e r e d   t r a n s i t i o n   r e g i o n ,  i t s  o p t i c a l   q u a l i t y  w i l l  gene ra l ly   be   supe r io r  

t o   t h a t   o f  a s h a r p - t r a n s i t i o n  mode-index l ens .  

An i nhe ren t   d i sadvan tage   o f   t hese   l ens   t ypes   fo r   i n t eg ra t ed  

o p t i c a l   p r o c e s s o r s  i s  t h a t   t h e y   r e q u i r e  a low-index  waveguide,  while  high 

q u a l i t y  Limo3 and ZnO waveguides  have  indices  of 2.2 and 2.0 r e spec t ive ly .  

Consequently,   lenses  of  the  mode-index  or  Luneburg  variety  should  be 

isolated  f rom  these  waveguides   by means such as have  been  devised  by 

Tien e t  a l ,  (32) which   involve   the   fabr ica t ion   of   t apered   mul t i layer   f i lms .  

Another  complexity i s  in t roduced   by   the   requi rement   tha t   the   l ens   be   cor -  

r e c t e d   f o r   s p h e r i c a l   a b e r r a t i o n s .  Any c o r r e c t i o n  scheme  would r e q u i r e  

accura te   cont ro l   o f   the   shape   of   the  mask through  which  the  lens i s  sput-  

t e r e d ,   t h e   s p u t t e r i n g   r a t e ,  and the   composi t ion   o f   the   sput te red   mater ia l .  

Although good qua l i ty   l enses   o f   t he  Luneburg  and mode index  variety  have 

been   f ab r i ca t ed ,  (26 y27)  no quant i ta t ive   p rocedures   have   ye t   been   presented  

fo r   e l imina t ion   o f   sphe r i ca l   abe r ra t ions   i n   t hese   l enses .  

I n   c o n t r a s t ,  means have  been  developed f o r   t h e   c o r r e c t i o n   o f  

p a r a x i a l   s p h e r i c a l   a b e r r a t i o n s   i n   g e o d e s i c   d e p r e s s i o n   l e n s e s ,  ,(30) and 

these  lenses   are   compat ible   with  waveguides  of e i t h e r  low o r   h i g h   r e f r a c -  

t i v e   i n d e x .  As p a r t  of t h i s  program, (33) w e  have  considered how co r rec t ed  

geodesic   lenses   can  be  fabr icated  without   the  need  for   mult iple   waveguiding 

l a y e r s   i n   t h e   l e n s   r e g i o n .  With a s ingle   waveguide  layer ,   comparable   opt i -  

c a l   q u a l i t y   o f   t h e  waveguide  and the   l ens   r eg ions  i s  v i r t u a l l y   a s s u r e d .  

Geodesic   lenses   appear   superior   to   the  Luneburg and mode-index 

l e n s   f o r   u s e   w i t h   i n t e g r a t e d   o p t i c a l   p r o c e s s o r s   e s t a b l i s h e d   o n   s p u t t e r e d  

g l a s s  and LiNbO waveguides. The s u i t a b i l i t y   o f   g e o d e s i c   l e n s e s   f o r  a 

p r o c e s s o r   u t i l i z i n g  a h igh   qua l i t y  ZnO-A1 0 waveguide ( I 4 )  has   ye t   t o   be  

determined.  These  waveguides  are grown  by t h e  method  of  close-spaced  vapor 

t r a n s p o r t ,  and t h i s  method may not   be  adaptable   to   the  curved  surface  of  a 

g e o d e s i c   l e n s .   I n   t h i s   c a s e ,   t r a n s i t i o n s   f r o m  ZnO t o   s p u t t e r e d - g l a s s  wave- 

guides  w i l l  p r o b a b l y   b e   r e q u i r e d   i n   o r d e r   t o   f a b r i c a t e   l e n s e s ,  and t h e  

v e r s a t i l i t y   o f   t h i s   m a t e r i a l   f o r   i n t e g r a t e d   o p t i c a l   p r o c e s s i n g  w i l l  be 

l imi t ed .  

3 
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Mirrors  and Beam Splitters 

In  view o f   t h e   f a c t   t h a t  a t  least  one class o f   i n t eg ra t ed   op t i ca l  

p rocessors  w i l l  make use  of  holograms  and  holographically formed s p a t i a l  

f i l ters,  it will be  necessary  to   develop  waveguide  mirrors  and beamsp l i t t e r s  

t o   g e n e r a t e  and i n t e r f e r e   t h e   c o h e r e n t  beams r e q u i r e d   f o r   t h e i r   f a b r i c a t i o n .  

The f i r s t  waveguide  mirror   that  was developed was based  on  the 

p r i n c i p l e  of t o t a l   i n t e r n a l   r e f l e c t i o n   o f   g u i d e d   l i g h t .  (25) It cons i s t ed  

of a spu t t e red  ZnS f i l m   t h a t  was abruptly  terminated  by  masking  the  sub- 

s t r a t e .  The edge   t ha t  marked the  boundary  of  the  waveguide was s u f f i c i -  

e n t l y   a b r u p t   t o   r e f l e c t  waveguided l i g h t   i n   a c c o r d   w i t h   t h e  laws  of 

phys i ca l   op t i c s   fo r   t h ree -d imens iona l  beams. The technique   for   forming  

m i r r o r s   l e n d s   i t s e l f   n a t u r a l l y   t o   s p u t t e r e d   f i l m   w a v e g u i d e s ,  and may be 

p o s s i b l e   f o r  some e p i t a x i a l l y  grown f i lm  waveguides   l ike ZnO-A1 0 
2 3' 

Another a l t e r n a t i v e  i s  to   fo rm a g l a s s  waveguide  on a c r y s t a l l i n e  

substrate  which  has  been  cleaved  along  the  edge  which is  t o  ref lect  l i g h t .  

For example, a wafer   of   Si  may be  cleaved and then   hea t   t r ea t ed   t o   fo rm  an  

S i0   l aye r   on  i t s  su r face .  A f i l m  may be   spu t t e red   on to   t he   S i0   t o  forma 

wavegui.de. If the  sharp  edge of t he   c l eaved   S i   subs t r a t e  i s  p r e s e r v e d   i n  

t h e   w a v e g u i d e ,   t o t a l   i n t e r n a l   r e f l e c t i o n  of gu ided   l igh t   should   be   poss ib le .  

2 2 

Another means f o r   f a b r i c a t i n g   e i t h e r  a m i r r o r   o r  beam s p l i t t e r  

i s  based on the   e s t ab l i shmen t   o f   g rooves   o r   r i dges   i n   an   o the rwise   p l ana r  

waveguide .   S ince   these   loca l ly   per turb   the   re f rac t ive   index   of   the  wave- 

g u i d e ,   t h e y   s e r v e   t o   r e f l e c t   a n   i n c i d e n t  beam o f   gu ided   l i gh t .  Beam 

s p l i t t e r s   o f   t h i s   t y p e  have  been  demonstrated  in  waveguides  with a Si0,-Si 
~~ 

L 

s u b s t r a t e .  ( 3 4 )  Grooves were e s t a b l i s h e d  by t h e  method  of p r e f e r e n t i a l l y  

e t c h i n g   t h e   S i   s u b s t r a t e   p r i o r  t o  the   fabr ica t ion   of   the   waveguid ing   layers .  

By making the   g rooves   su f f i c i en t ly   w ide ,  a t o t a l l y   r e f l e c t i n g   m i r r o r   c o u l d  

be   ob ta ined .  The r e sea rche r s   sugges t   t ha t   t h i s   t echn ique  i s  a p p l i c a b l e   t o  

o the r   c rys t a l l i ne   wavegu id ing   ma te r i a l s ,   such  as LiNb03, b u t   t h i s   h a s   n o t  

yet  been  demonstrated.  

An o p t i o n a l   p r o c e d u r e   f o r   t h e   f a b r i c a t i o n   o f   m i r r o r s  and beam 

s p l i t t e r s   i n  LiNb03 makes use   o f  i t s  holographic   p roper t ies .   Ref lec t ion  

and   t r ansmiss ion   g ra t ings   f ab r i ca t ed   by   i n t e r f e r ing   gu ided  waves i n   t h i s  
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mater ia l   accompl ish   the   des i red   func t ions .  (22) mile a t o t a l l y   r e f l e c t i n g  

mi r ro r   canno t   be   ob ta ined   i n   t h i s  way, t h e  method i s  p a r t i c u l a r l y  a t t rac-  

t i ve  f o r   t h e   f a b r i c a t i o n   o f  beam s p l i t t e r s .  The r e f l e c t i v i t y   o f   g r a t i n g  

beam sp l i t t e r s   can   be   ad jus t ed   by   va ry ing   t he   cond i t ions   unde r   wh ich   t he  

g r a t i n g  i s  formed  and  thermally  fixed. 

The o p t i o n   o f   f a b r i c a t i n g  beam s p l i t t e r s  by  waveguide  holography 

i s  not  open to   o the r   cand ida te   wavegu ides   fo r   i n t eg ra t ed   op t i ca l   p rocess ing .  

However, g r a t i n g s   t o   s e r v e  as beam s p l i t t e r s  may be   f ab r i ca t ed   pho to l i t ho -  

graphical ly   in   any  type  of   planar   waveguide.  ( 3 5 )  This  technology i s  we l l  

deve loped   s ince   photo l i thographic   g ra t ings   a re  commonly used  as  beam-to- 

waveguide  couplers. ( 3 6 )  

Conc lus   i ons  

Table 11-1 sunnnarizes t h e   p r o p e r t i e s  and c a p a b i l i t i e s  of t h e  

m a t e r i a l s   t h a t   p r e s e n t l y   a p p e a r   t o  have t h e  most p o t e n t i a l   f o r   u s e   i n  

i n t e g r a t e d   o p t i c a l   p r o c e s s i n g .  LiNbO i s  t h e  most v e r s a t i l e   o f   t h e   c a n d i -  3 
d a t e   m a t e r i a l s  and p r e s e n t l y   o f f e r s   t h e   g r e a t e s t   p r o s p e c t   f o r   f a b r i c a t i n g  

a complete   processing  system  without   resor t ing  to   waveguide  hybridizat ion.  

The ZnO and g l a s s   m a t e r i a l s  are complementary i n   t h a t   t h e   f o r m e r  i s  more 

u s e f u l   f o r   f a b r i c a t i n g   a c t i v e   e l e m e n t s ,   w h i l e   t h e   l a t t e r  i s  more u s e f u l  

f o r   f a b r i c a t i n g   p a s s i v e   e l e m e n t s .  A hybrid  approach  involving ZnO and 

glass   waveguides   could  be  employed  to   fabr icate   an  integrated  opt ical  

p rocessor ;  however t h e   h o l o g r a p h i c   c a p a b i l i t i e s  of t h i s   s y s t e m  would be 

ques t ionable .  If t h e s e   c a p a b i l i t i e s  are n o t   r e q u i r e d   f o r  a p a r t i c u l a r  

a p p l i c a t i o n ,  a spu t t e red -g la s s   f i lm   acous toop t i c   p rocesso r  i s  p r e s e n t l y  

f e a s i b l e .  
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TABLE 11- 1. THE CAPABILITIES OF CANDIDATE MATERIALS FOR INTEGRATED OPTICAL PROCESSORS 

Information 
Waveguide Input  Holographic Lens  Mirror-Beam S p l i t t e r  

Material  Capabilities  Attenuation  Capabilities  Capabilities  Capabilities  Capabilities 

Limog Out-diffused 4 1 dB/cm Electrooptic  Photorefractive Geodesic  Holographic 
Metal  in-dif-  Acoustooptic  Preferential  Etch(?) 
fused  Photolithographic 
Epi tax ia l   th in  
f i lm 

ZnO Epi tax ia l   th in  - 1 dB/cm Electrooptic None 
f i lm on A1203 a t  - 1.0 pm Acoustooptic 

Geodesic(?) Preferential  Etch(?) 
Luneburg(?) Photolithographic 
Mode- index (?) Waveguide  Edge 

Glass  Sputtered  thin < 1 dB/cm Acoustooptic(?)  Photochromic(?)  Geodesic  Preferential  Etch 
f i lm Luneburg Photolithographic 
Ag-ion exchange 4 112 dB/cm  Mode index Waveguide  Edge 

i n i t i a l l y  Cleaving 



111. COMMENTS ON ONE-DIMENSIONAL 
FOURIER  TRANSFORM  DEVICES 

In this  section we review  the  Fourier-transformation  properties 
of conventional  lenses  and  we  consider  their  extension  to  lenses  that are 
established  in an optical  waveguide.  As an aid  to  interpreting  some of 
the  experimental  results  of  Sec. IVY we  present  formulas  describing  the 

resolving  power  of  waveguide  lenses  that  are  both  diffraction-limited  and 

spherical-aberration-limited.  We  also  show  that  light  scattering by wave- 

guide  inhomogeneities  affects  resolution  and  makes it meaningful to define 

a  signal-to-noise  ratio  for  a  waveguide-lens  processing  operation. 

THE FOUR1,ER TRANSFORM  RELATIONSHIP 

The Fourier-transformation  properties  of  lenses  have been  dis- 

cussed  in  many  books  and  articles, (37y38) and we  present  .them  here  without 
derivation.  Consider  a  monochromatic  plane  wave  of  light  incident on a 

transparency  placed  in the  front  focal  plane of a  diffraction-limited  lens, 

as  shown  in  Fig.  111-1.  After  passing  through  the  transparency  the  complex 

amplitude  of  the pi :ne wave  is U (x ) = At (x ) where A describes  the 
initial  amplitude  and t (x ) describes  amplitude  and  phase  variations 

imposed on the  wave by the  transparency.  Apart from an unimportant  phase 

A A 

A 0 OJO 0 OJO 

0 OJO 

factor, the  complex  amplitude of the  wave in the back  focal  plane  of  the 

lens  will  be (37 1 

A (111- 1) 
which  is  just  a  Fourier  transform  of  the  mask  function  t (xo,yo). 

0 
An ideal  waveguide  lens  has  no  focusing  power in the  direction 

normal  to  the  plane of the  waveguide;  consequently,  its  focal  properties 

are  comparable  to  those  of  a  cylindrical  lens.  If  the  spherical  lens of 

Fig.  111-1 is  replaced  wit-h  a  cylindrical  lens  having  focusing  power in 
A 

the  x  direction,  and  if  the  input  transparency is of the form t (x,) , the 
Fourier  transform  relationship  becomes (38) 

0 

(111-2) 
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FIGURE 111-1. COORDINATE  SYSTEM  FOR THE DESCRIPTION OF 
THE FOURIER-TRANSFORM  PROPERTIES  OF A LENS. 
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This   equat ion may be   app l i ed   d i r ec t ly   t o   ana lyze   t he   pe r fo rmance   o f   an  

i d e a l  waveguide l ens .   F igu re  111-2 shows the   geometry   o f   the   in tegra ted  

opt ica l   sys tem  under   cons idera t ion  and  two forms  of   input   " t ransparencies"  

t h a t  w i l l  b e   o f   i n t e r e s t .  

The Effect   of   Apertur ing 

I f   t h e  beam incident  on  the  waveguide  lens i s  aper tured  by t h e  

func t ion  shown in   F ig .   I I I -2b ,  

1 
(x ) = rect (xo/d) = 1 , 0 slxols 7 d , 

0 0  

= 0 , otherwise , 
t he   ampl i tude   i n   t he   Four i e r   t r ans fo rm  p l ane  will be 

(111-3) 

if (x,) = A ( d / , ) s i n c ( T T x f d / X f ) ,  (111- 4 )  

where s i n c ( z )  E s i n ( z ) / z .  The co r re spond ing   i n t ens i ty ,  UfUf , is  
r . A  t 

plo t ted   in   F ig .   111-3a .  The c h a r a c t e r i s t i c   f o c a l   s p o t   s i z e  s i s  usua l ly  

t aken   a s   t he   d i s t ance   be tween   t he   f i r s t   z e ros   o f  U 
A 

f :  

s = 2fh/d . (111-5) 

The Effect  of  Amplitude  Modulation ~. ~. - 

I f   t he   i npu t   t r anspa rency  i s  of  the  form shown i n   F i g .  111-2c, 

(x,) = r ec t (xo /d )  (1 + 2acos bo) , (111- 6 )  
0 

t h e   r e s u l t a n t   a m p l i t u d e   i n   t h e   F o u r i e r   t r a n s f o r m   p l a n e  i s  

if (x,) = A ( d / J m   { s i n c   ( m f d / h f )  

+ a s i n c  [ (K-2nxf/)if)d/2] (111-7) 

+ a s i n c  [ (K + 2nxf/hf)d/2]  ] . 
The i n t e n s i t y   d i s t r i b u t i o n   i n   t h e   F o u r i e r - t r a n s f o r m   p l a n e   c o n s i s t s   o f  

three  dominant  peaks (see Fig.   111-3b).  The width of each  peak i s  
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A 
, t (x,) Geodesic  Lens 

Guided  Plane 
Wave 

( a )  A PLANAR FOURIER TRANSFORM SYSTEM 

1 - 2 d  

(b) TWO INPUT  FUNCTIONS  OF  INTEREST 

FIGURE 111-2. INTEGRATED  OPTICAL  FOURIER TRANSFORMATION 
OF SIMPLE  INPUT  FUNCTIONS. 
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( a )  INTENSITY  DISTRIBUTION AT THE FOCUS  OF A DIFFRACTION- 
. LIMITED WAVEGUIDE LENS  STOPPED TO AN APERTURE d 

I 2 f X  I 

(b) INTENSITY  DISTRIBUTION FOR THE CASE OF A SINUSOIDALLY MODULATED 
AMPLITUDE  TRANSPARENCY  PLACED OVER THE INPUT APERTURE 

FIGURE 111-3. RESULTS OF INTEGRATED  OPTICAL  FOURIER  TRANSFORMATION 
OF  SIMPLE  INPUT  FUNCTIONS. 
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s = 2fh/d,   determined  by  the  width  of   the  aper ture .  The sepa ra t ion  

between  peaks i s  

Axf = Khf/2rr , (111-8) 

determined  by  the  modulation  frequency K. When K = 2n/d,   the maximum of 

each sa te l l i t e  peak f a l l s  upon t h e   f i r s t   z e r o   o f   t h e   c e n t r a l  peak. I f  

the  peaks  are  of  comparable  magnitude  they w i l l  be   bare ly   reso lved .  

Spa t i a l   f r equenc ie s   sma l l e r   t han  2n/d  cannot  be  detected i n   t h e   b a c k   f o c a l  

p l ane   o f   t he   l ens .  Making d l a r g e r  i s  an  obvious way t o   i n c r e a s e   r e s o l u -  

t i o n ,   b u t  it w i l l  f a i l  u n l e s s   t h e  lens r ema ins   d i f f r ac t ion - l imi t ed   ove r  

t h e  new, l a r g e r   a p e r t u r e .   I f  dmax i s  t h e   l a r g e s t   d i f f r a c t i o n - l i m i t e d  

a p e r t u r e ,  = 2n/d i s  the   sma l l e s t   spa t i a l   f r equency  whose Four ie r  

t ransform may be   reso lved   by   the   l ens .  
Kmin max 

PRACTICAL  LIMITATIONS OF INTEGRATED OPTICAL FOURIER 
TRANSFORM  PROCESSORS 

Spherical   Aberrat ions 

While  means  have  been  presented f o r   t h e   c o r r e c t i o n   o f   s p h e r i c a l  

a b e r r a t i o n s   i n  waveguide lenses ,   bo th   as   par t   o f   th i s   p rogram and else- 

where , (30y 331he experimental   procedures  are n o t   y e t  well enough e s t a b l i s h e d  

to   obv ia t e   t he   need   fo r   cons ide r ing   t he   de l e t e r ious   e f f ec t s  of t h e s e  

a b e r r a t i o n s   o n   i n t e g r a t e d   o p t i c a l   p r o c e s s i n g .  To d e f i n e  what i s  meant  by 

the  term sphe r i ca l   abe r ra t ion ,   cons ide r   t he   pa th   o f  a ray   inc ident   on  a 

l e n s  a t  a d i s t a n c e  x from t k  a x i s ,   p r o p a g a t i n g   p a r a l l e l   t o  it. Af ter  

b e i n g   r e f r a c t e d  a t  t h e   l e n s ,   t h e   r a y   c r o s s e s   t h e   a x i s   a t  a d i s t a n c e  

f ( x )  = Eo + flX2 + f 2 x  ... 4 (111- 9) 

f rom  the   l ens ,   where  f is  t h e   p a r a x i a l   f o c a l   l e n g t h ,  and f n  i s  t h e  

coe f f i c i en t   o f   t he   (2n+ l ) th -o rde r   sphe r i ca l   abe r ra t ion .  (39) 
0 

Figure  111-4 shows the   pa ths   o f   equ i spaced ,   pa ra l l e l   r ays   i nc i -  

den t   onageodes i c   l ens .  The t r a j e c t o r i e s   o f   t h e   o u t p u t   r a y s   a r e   c a l c u l a t e d  

f o r  a l ens   hav ing   t h i rd -o rde r   sphe r i ca l   abe r ra t ions   a lone ,  so t h a t   o n l y  

f o  and f l  # 0. The envelope  of   rays   determines a minimum f o c a l   s p o t   s i z e  
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(a) RAY DIAGRAM FOR A GEODESIC  LENS  WITH  THIRD-ORDER 
SPHERICAL  ABERRATIONS 
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(b) DETAILS  OF THE FOCAL  REGION 

FIGURE 111-4. LENS  FOCAL  CHARACTERISTICS I N  THE PRESENCE 
OF SPHERICAL ABERRATIONS. 
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given’  by 

s f ld  3 /16fo , a 
(111- 10) 

where d i s  the   fu l l   ape r tu re   o f   r ays   i nc iden t   on   t he   l ens ,   chosen   t o   be  

6 mm i n   t h e  example p l o t t e d   i n   F i g .  111-4. Equation (10) i s  t o  be com- 

p a r e d   t o  Eq. (5) f o r   t h e   s p o t   s i z e  s of a d i f f r a c t i o n - l i m i t e d   l e n s .  As 

long  as sa < s, t h e   a b e r r a t e d  lens shou ld   exh ib i t   nea r   d i f f r ac t ion - l imi t ed  

performance.  This is t he   ca se  as long as 

d < d = .2 (2fo  h/f ,)  
2 1 /4  

max 
(111-11) 

For   ape r tu re s   l a rge r   t han  d t h e   l e n s  i s  a b e r r a t i o n - l i m i t e d .   S p a t i a l  

f requencies  K introduced  on a guided wave i n   t h e   f r o n t   f o c a l   p l a n e   o f  

t h e   l e n s   c a n   o n l y   b e   r e s o l v e d   i f  

max 

K > ITS /fox = ~ ~ f ~ d ’ / l G f ~ ~ h  . a 
(111- 12) 

In  the  numerical   example  plot ted  in   Fig.   111-4,  fo = 13.7 mm, 
f l  = 0 .2  mm-’, and d = 6 mm. The a b e r r a t e d   s p o t   s i z e  i s  s = 0.2 mm, 
compared t o  s = 2f  h/d = 0.002 f o r  a d i f f r ac t ion - l imi t ed   l ens   o f   t he  

same a p e r t u r e .  The wavelength use.d i n   t h e   c a l c u l a t i o n  i s  h = 0.422 pm 

corresponding  to   the  wavelength  of   red He-Ne laser l i g h t   p r o p a g a t i n g   i n  a 

g l a s s  waveguide  of r e f r a c t i v e   i n d e x  n = 1.5.  The r a t i o  s / s  = 100 i s  

c h a r a c t e r i s t i c   o f   t h e   r e l a t i v e   p e r f o r m a n c e   o f   t h e  two l enses .  The 

d i f f r ac t ion - l imi t ed   l ens   can  be  used t o   d e t e c t   s p a t i a l   f r e q u e n c i e s   a s  

low as - 1 nun , whi le   t he   abe r ra t ed   l ens  i s  s e n s i t i v e   o n l y   t o   s p a t i a l  

f requencies  B 100 nun . 

a 

0 

a 

-1 

-1 

The  optimum ape r tu re   fo r   t he   abe r ra t ed   l ens   o f   F ig .   111-4  i s  

dmax = 1.0  mm, ca lcu la t ed   u s ing  Eq. (11). When t h e   l e n s  i s  s topped   t o  

t h i s   a p e r t u r e ,  i t s  performance i s  e s s e n t i a l l y   d i f f r a c t i o n - l i m i t e d ,  and 

it c a n   d e t e c t   s p a t i a l   f r e q u e n c i e s   a s  low as 6 mm . -1 

“1 

Waveguide - Inhomogeneities 

The p resence   o f   s ca t t e r ing   cen te r s   i n  a waveguide  modulates  the 

amplitude  and  phase  of a guided beam. This  modulation i s  random  and is  



d i s t i n c t   f r o m   s p a t i a l   i n f o r m a t i o n   t h a t  may be  purposely  introduced  on a 

wave as pa r t   o f   an   op t i ca l   p rocess ing   ope ra t ion .  To model t h e   l i m i t a t i o n s  

t h a t  waveguide  inhomogeneities  impose  on  the  performance  of a Four ie r   t rans-  

form p r o c e s s o r ,   s u p p o s e   t h a t   t h e i r   e f f e c t   o n  a guided beam i s  e q u i v a l e n t   t o  

t ha t   o f   an   i npu t  mask of  the  form 

N 

i= 1 
to(x0)  = { C  rect[ (xo - xi)/61] rect (xo/d>. (111- 13) 

Th i s   func t ion ,   p lo t t ed   i n   F ig .   I I I -5a ,  i s  a set  of  N windows of  width 6 ,  
randomly  spaced a t  p o s i t i o n s  x i n   t h e   f r o n t   f o c a l   p l a n e   o f   t h e  wave- 

gu ide   l ens .   I f   t he   l ens   has .no   sphe r i ca l   abe r ra t ions ,   t he   i n t ens i ty  

d i s t r i b u t i o n   i n   t h e   F o u r i e r - t r a n s f o r m   p l a n e  i s  c a l c u l a t e d  fz.Jrn Eq. (2) :  

ii f (x f 1; f ,  *(xf> = ( A ~ ~ ~ / A  f )   s inc   ( r rxf6 /hf )  I c exp( -2 r r ix fx i /~ f ) l  2 

i 

2 N 

i= 1 (111- 14) 

The f i r s t  f ac to r s   on   t he   r i gh t   a r e   s imp ly   t he   Four i e r   t r ans fo rm of a 

s i n g l e  window func t ion ,   cen te red  a t  x = 0 and possess ing  a width 

s = 2fh/6.  The abso lu te   va lue   f ac to r   has   t he   va lue  N2 €or x = 0 ,  bu t  

d r o p s   t o  a va lue   on   the   o rder   o f  N f o r   2 m f  t fh/d.   Consequent ly ,   the  

i n t e n s i t y   d i s t r i b u t i o n   i n   t h e   b a c k   f o c a l   p l a n e  i s  approximately  given by 

the   supe rpos i t i on   o f  two s inc-squared   func t ions :   one   o f   re la t ive   he ight  

N and r e l a t i v e   w i d t h   l / d ;   t h e   o t h e r   o f   r e l a t i v e   h e i g h t  N and r e l a t i v e  

width 1 / 6 .  This i s  i l l u s t r a t e d   i n   F i g .  111-5b. .The sharp  peak  corres- 

ponds t o   t h e   f o c a l   p l a n e   d i s t r i b u t i o n   t h a t  would r e s u l t   i n   t h e   a b s e n c e  

of  waveguide  scattering. The b road   peak   r ep resen t s ,   i n   e f f ec t ,   s ca t t e r ing -  

induced  noise.  

f 

f 

2 

The presence   o f   th i s   no ise   background  reduces   the   ab i l i ty   o f  

t h e   l e n s   t o   r e s o l v e   s p a t i a l   f r e q u e n c i e s   i n   t h e   r a n g e  2n/d s K s 2 n/6. 

I f   the   ampl i tude   o f  a guided wave i s  modulated  according  to 

A 

to (xo)  = rect (xo/d) (1 + 2a cos K x )  , 

the  peaks  produced  in  the  Fourier-transform  plane a t  x = f Khf/2n 

have   an   in tens i ty  A a d / h f .   I f  K i s  between  2n/d  and  2n/6,  the 2 2 2  f 

(111- 6)  

i n t e n s i t y   o f   t h e   n o i s e   s i g n a l   a t   t h e s e   v a l u e s   o f  x i s  - A N6 /If. The 

c o n d i t i o n   f o r  a s i g n a l - t o - n o i s e   r a t i o   o f   u n i t y  is  a d = N6 . If t h e  

2~ 2 

f 2  2 2 
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I 1st Window N t h  Window 

(a) FRONT FOCAL-PLANE TRAN,SMISSION ;(xo) USED TO MODEL 
WAVEGUIDE SCATTERING 

A 
A *  

" f  " f  

(b) CORRESPONDING  BACK-FOCAL-  PLANE INTENSITY  DISTRIBUTION 

FIGURE 111-5. THE EFFECT  OF  SCATTERING ON THE FOCAL CHARACTERISTICS 
OF A DIFFRACTION-  LIMITED WAVEGUIDE LENS. 
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l o s s e s   d u e   t o   s c a t t e r i n g  are no t   t oo  severe, w e  may t a k e  NS d.   In 

t h a t  case 

(111-15) 

i s  the   cond i t ion   fo r   r e so lv ing   s idebands  i n  the  range  2n/d < 2rr/6. 

Conclusions 

Table 111-1 presents   formulas   that   summarize  the  main  resul ts  

of t he   p re sen t   s ec t ion .  The d e l e t e r i o u s   e f f e c t s  of s p h e r i c a l   a b e r r a t i o n s  

a r e  much t h e  same f o r  a waveguide  lens   as   for  a convent iona l   th ree  dimen- 

s i o n a l   l e n s ,  and   our   d i scuss ion   of   these   has   been   la rge ly  a review.  In 

T A B U  111-1. PERFORMANCE CAPABILITIES OF WAVEGUIDE LENSES 

Di f f r ac t ion   Aber ra t ion   Sca t t e r ing  
Lens Characterist ics  Limited  Limited  Limited "_ . 

" 

Foca l   spo t   s i ze  s 2fA/d f ld3/16fo  2fAI6 

Minimum s p a t i a l  
frequency K . 2n/d  nfld  /16fo A 2n ld   o r  21716 3 2 

Minimum amplitude 
modulation a - 0  - 0  m 

c o n t r a s t ,   t h e   h a r m f u l   e f f e c t s   o f   s c a t t e r i n g   i n   t h e  waveguide medium a r e  

l a r g e l y   u n i q u e   t o   i n t e g r a t e d   o p t i c a l   p r o c e s s o r s .   C a l c u l a t i o n s   p r e s e n t e d  

i n   t h i s   s e c t i o n  show t h e   i n t e r e s t i n g   r e s u l t   t h a t  a d i f f r a c t i o n - l i m i t e d  

l ens   f ab r i ca t ed   on  a waveguide  of   poor   opt ical   qual i ty  may b e   i n f e r i o r   t o  

a s p h e r i c a l l y   a b e r r a t e d   l e n s   f a b r i c a t e d   o n  a high  quali ty  waveguide.   This 

emphas izes   t he   need   fo r   ca re   i n   s e l ec t ing   ma te r i a l s   fo r   u se   i n   i n t eg ra t ed  

o p t i c a l   p r o c e s s o r s ,   a s  well as care i n   s e l e c t i n g   f a b r i c a t i o n   t e c h n i q u e s  

tha t   min imize   the   in t roduct ion   of   sca t te r ing   inhomogenei t ies .  
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IV.  EXPERIMENTAL  AND  THEORETICAL  INVESTIGATIONS 
OF THE  FEASIBILITY OF AN INTEGRATED  OPTICAL 

FOURIER-TRANSFORM  'DEVICE 

This  section  describes  the  development  of  fabrication  techniques 
for  a  prototype  integrated  optical  Fourier-transform  processor,  consisting 
of  a  waveguide, an integrated  lens,  and  an  information  input  device.  Be- 
cause  the  development of waveguides and  modulating  devices  for  information 
input  has been the  subject  of  hundreds  of  papers  in  the  nine  years  since 
integrated  optics began in  earnest, we concentrated  our  efforts on the 
fabrication  of  high  quality  waveguide  lenses.  Only  six  important  papers 
describe work in  this  area  between  1971  and  1975. 
program  has  led  to  three  additional  papers. 

(25-  30) The  present 
(31,33,40) 

The  major  results to  be  described in  this  section  are  as 

follows : 
Development  of  the  first  experimental  technique  for 
quantitatively  evaluating  the  performance  of  wave- 
guide  lenses. 
The  observation  of  near  diffraction-limited  performance 
by a  geodesic  depression  lens  formed  in an ion-exchanged 
Pyrex  glass  waveguide. 
The  resolution  of  spatial  frequencies  as  small  as 50 mm 
by a  geodesic  depression  lens  formed  in an ion-exchanged 
PhotobrownTM  waveguide. 
Development  of  techniques  for  the  fabrication of 

depressions in Limo3 waveguides. 

Theoretical  evaluation  of  the  effect of rim rounding 
on the  performance of a  spherical  geodesic  depression 

lens. 
Theoretical  development  of  procedures  for  correction  of 

spherical  aberrations  in  geodesic  lenses  by  means  of 
aspheric  shaping. 

-1 

In  addition t o  discussing  the  above  accomplishments,  we  present 
in  this  section  a  discussion of several  types of waveguide  and,  more 
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impor tan t ly ,  a desc r ip t ion   o f   t echn iques   u sed   i n   t he   cons t ruc t ion   o f   h igh -  

q u a l i t y  LiNbO waveguides. Some o f   t he  material on LiNbO waveguides was 

obta ined   in   connec t ion   wi th   o ther   in tegra ted   op t ics   p rograms a t  t h e  Battelle 

Columbus Labora tor ies  (41y42) and i s  p resen ted   he re   fo r   t he   s ake  of complete- 

ness .  

3 3 

WAVEGUIDE AND GEODESIC  LENS  FABRICATION  PROCEDURES 

Waveguides for  Geodesic  Lenses 

The dec is ion   to   fabr ica te   waveguide   l enses  of the   geodes ic   var ie ty  

was a r r i v e d   a t   e a r l y   i n   t h e  program  on  the  basis   of   considerat ions enumer- 

a t e d   i n  Sec. 11. I n   c o n t r a s t ,   a s  many as   four   d i f fe ren t   types   o f   waveguides  

were examined  during  the  course  of  the  program.  These were (a)   polystyrene 

th in   f i lms   so lu t ion -depos i t ed   on  PMMA s u b s t r a t e s ,  ( 4 3 )  (b)  Corning 7059 g l a s s  

sput te red   on   fused   quar tz   subs t ra tes ,  (44)  (c) Ag- ion  exchanged  graded-  index 

g u i d e s   i n   v a r i o u s   k i n d s  of g l a s s ,  (11y24)  and (d)   out-diffused  graded-index 

gu ides   i n  LiNbO (10y12) While   on ly   sput te red   g lass  and LiNbO waveguides 

a r e   d e f i n i t e   c a n d i d a t e s   f o r   i n t e g r a t e d   o p t i c a l   p r o c e s s o r   a p p l i c a t i o n s ,   t h e  

other   waveguides   examined  offered  potent ia l   advantages  in  economy and ease  

o f   f a b r i c a t i o n .  These were impor t an t   cons ide ra t ions   fo r  a program  designed 

t o   e s t a b l i s h   f e a s i b i l i t y ,   s i n c e  i t  was d e s i r a b l e   t o   b e   a b l e   t o  t es t  and 

compare a l a r g e  number of  samples. 

3' 3. 

Polystyrene and Sputtered-Glass  Thin-Film  Waveguides - (43  , 44) 

I n i t i a l   a t t e m p t s   t o   f a b r i c a t e   g e o d e s i c   l e n s e s  were performed 

us ing  Polystyrene-on-PMMA waveguides and sputtered-glass-on-fused-quartz 

waveguides. The former was chosen   because   o f   the   sof tness   o f   the   subs t ra te  

ma te r i a l .  It was hoped t h a t  a spher ica l   depress ion   could   be   eas i ly   fabr i -  

c a t e d   i n  PMMA by  heat ing  the-   polymer  to  i t s  s o f t e n i n g   p o i n t  (- 100°C) and 

depress ing  a steel b a l l   b e a r i n g   i n t o   t h e   s u r f a c e   t o   d e f o r m  it i n t o   t h e  

required  shape.   Sput tered-glass   f i lms were se l ec t ed   fo r   expe r imen ta t ion  
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because  they are candida te   waveguides   for   in tegra ted   acous toopt ic   p roces-  

s o r s ,  and because a geodesic   lens   had  previously  been  fabr icated  and 

c o r r e c t e d   i n   t h i s   t y p e  of  waveguide. (30) 

Our a t t empt s   t o   p re s s   dep res s ions   i n to   so f t ened  PMMA were unsuc- 

c e s s f u l   f o r  two r e a s o n s .   F i r s t ,   t h e   m a t e r i a l   t e n d e d   t o  bunch a t   t h e  rim 

of   the  depression;   second,   the  forces   appl ied  to   deform  the material 

g e n e r a t e d   f r a c t u r e   l i n e s  a t  the  base  of   the  depression.   Al though w e  were 

a b l e   t o   o b t a i n  good q u a l i t y  f i l m s  o f   p o l y s t y r e n e   o n   f l a t   s u b s t r a t e s   o f  

PMMA by  so lu t ion   depos i t ion ,   the   deve lopment   o f  a vapor   deposi t ion  tech-  

nique was seen t o   b e   n e c e s s a r y   i n   o r d e r   t o   f o r m  a u n i f o r m   f i l m   i n   t h e  

v i c i n i t y   o f  a dep res s ion   l ens .  The a c t u a l  and potent ia l   problems  with 

the  polystyrene-P"A  system  led  us   to   abandon  fur ther   considerat ion  of  it. 

In  the  case  of   sput tered-glass   waveguide  lenses ,   depressions 

could  be  fabr icated  by  the  abrasive  gr inding  and  pol ishing  techniques 

descr ibed  below.   Moreover ,   the   sput ter ing  operat ion was known t o   l e a d  

to   un i form  f i lms   as   long   as  certain elementary  precaut ions were taken. 

The problem  that  w e  encoun te red   w i th   t h i s   ma te r i a l  was t h a t   o f   f a b r i c a t i n g  

waveguides  of good o p t i c a l   q u a l i t y .   I n  a sampling  of   seven  different  wave- 

guides  formed  by  sputtering  Corning 7059 g l a s s   on   fu sed   qua r t z   subs t r a t e s ,  

t h e   t y p i c a l   r e s u l t  was t h a t  shown i n   F i g .  I V - 1 .  A beam of   l igh t   coupled  

i n t o   t h e   f i l m  was a t t e n u a t e d   i n   a b o u t  a cent imeter .  Only  one  waveguide 

showed l o s s e s   s u f f i c i e n t l y  low t h a t   t h e  beam was v i s i b l e   a c r o s s   t h e   e n t i r e  

su r face .  Y e t  t h i s  i s  a r e q u i r e m e n t   f o r   t e s t i n g  and eva lua t ing  a geodesic 

lens   having a focal   length  comparable   to   the  surface  dimensions.  

Since a s p u t t e r e d   f i l m   c a n n o t   r e a d i l y   b e  removed from a subs t r a t e ,  

t h e  work d o n e   t o   f a b r i c a t e  a h ighly   po l i shed   lens   depress ion  i s  wasted i f  

a p o o r   q u a l i t y   f i l m  i s  subsequent ly   sput te red   on to  i t .  Our in i t ' i a l   success  

r a t i o   o f   1 / 7  showed the   need   fo r   cons ide rab le   e f fo r t   i n   t he   deve lopmen t   o f  

spu t t e r ing   t echn iques   be fo re  a lens   evaluat ion  program  could  be  based upon 

t h i s  method. Since  other   waveguide  fabr icat ion  techniques were a v a i l a b l e  

and readily  implemented, we te rmina ted   our  work i n   t h i s   d i r e c t i o n .  
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FIGURE I V - 1 .  A SPUTTERED  CORNING 7059 GLASS WAVEGUIDE ON 
A 5.08 c m  (2 inch)  DIAMETER  FUSED-QUARTZ SUB- 
STRATE SHOWING A HIGHLY ATTENUATED GUIDED WAVE. 
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Glass Waveguides Formed by   S i lver - Ion  .Exchange(" '24) 

Graded-index  waveguides a r e  formed  by  immersing  a  polished  glass 

s l a b  i n  molten AgNO f o r  times ranging  f rom  several   minutes   to   one  day  a t  

t e m p e r a t u r e s   i n   t h e   v i c i n i t y  of 225OC - 275OC. Under these  cond ' i t ions;  

s i l v e r   i o n s   d i f f u s e   i n t o   t h e  glass su r face   t o   r ep lace   sod ium  ions   t ha t  . 

d i f f u s e   i n t o   t h e   m o l t e n   s a l t .  Only glasses   that   lack  sodium,  potassium, 

o r  some other   re la t ive ly   mobi le   ion   cannot   be  employed w i t h  t h i s  technique. 

3 

Waveguides  formed  by silver-sodium  ion  exchange were found t o  be 

i d e a l   f o r  a geodesic lens t e s t i n g  program fo r   t he   fo l lowing   r easons :  

The waveguides  exhibit  low los ses (<  0.5 dB/cm). 

A t  t h e  same time, the re   can   be   su f f i c i en t   su r f ace  

sca t t e r ing   t o   pe rmi t   v i sua l   obse rva t ion  and 

photography  of   the  guided  l ight .  

The s u c c e s s   r a t i o   i n  t h e  f ab r i ca t ion   o f   h igh  

q u a l i t y  waveguides is  e s s e n t i a l l y   u n i t y ,   e v e n   i n  

t h e  absence   o f   p rev ious   t ra in ing .  

The  method i s  r ap id  and  economical. The minimum 

requirements   are  a mic roscope   s l i de ,   ho t   p l a t e ,  

and  enough AgN03 crys ta l s   to   cover   the   bo t tom  of  

a p e t r i   d i s h .  

The method i s  r e v e r s i b l e .  A waveguide may be 
e f f e c t i v e l y  removed  by heat ing  the  specimen  in  

a i r .  Thus,  a given  geodesic   lens   depression 

can   be   t e s t ed   i n   con junc t ion   w i th  more than  one 

waveguide. 

Geodes ic   l ens   depress ions   fabr ica ted   in   g lass  make 

use  of   gr inding  and  pol ishing  techniques  that   have 

been   es tab l i shed  and re f ined   over  a period  of many 

yea r s .  

Glass  can  be made photochromic,   al lowing  for  the 

in t roduc t ion   o f   ampl i tude   i n fo rma t ion   i n   t he   f ron t  

foca l   p lane  of a  waveguide l e n s .  
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(7) Masking  techniques  can  be  employed  .in  waveguide 

f a b r i c a t i o n .  A silver f i l m  evaporated  through a 

mask may be  employed i n  p lace   o f  molten AgNO 

This  makes i t  p o s s i b l e   t o   v a r y   t h e   p a r a m e t e r s   o f  

a waveguide i n  t h e   v i c i n i t y   o f  a geodes ic   l ens ,  a 

technique  that   has   been employed f o r   l e n s   c o r r e c t i o n .  

3' 

(30) 

The ch ief   d i sadvantage  of glass  waveguides  formed  by silver- 
sodium  ion-exchange i s  t h a t   t h e i r   o p t i c a l   q u a l i t y   h a s   b e e n   o b s e r v e d   t o  

d e t e r i o r a t e   i n  time. This   has   been   a t t r ibu ted   to   chemica l   reac t ions   in -  

vo lv ing   loose ly  bound s i l v e r  atoms. We have  found t h a t   t h e   q u a l i t y  of 

of  our  waveguides  could  always  be  restored  by  immersing them i n   d i l u t e d  

n i t r i c   a c i d   f o r  a moment. Consequent ly ,   the  effect  was no t   de l e t e r ious  

to   our   exper iments .  

F igure  IV-2 shows t h e   q u a l i t y   a t t a i n e d   w i t h   o n l y   t h e   s e c o n d  wave- 

guide w e  f a b r i c a t e d  by the  ion-exchange  technique. The beam i s  confined 

t o  a m i c r o s l i d e   t h a t  was t r e a t e d   i n   m o l t e n  AgNO f o r  10. h a t  - 25OoC. The 

guide  supported 18 modes, each  of   which  probably  consis ted  of   near ly  

degenerate  TE and TM modes. The photograph shows some a t t enua t ion   o f   t he  

guided   l igh t   over  i t s  4 . 2  cm p a t h .   I f   t h e   t o t a l   a t t e n u a t i o n  i s  es t imated  

a t  3 dB, t h e  loss c o e f f i c i e n t  i s  0.7 dB/cm. I n   o u r  f irst  experiment,  a 

micros l ide  was t r e a t e d   f o r  8 h o u r s   a t  3OO0C,  and a waveguide  with 37 modes 

resulted.   Guiding was o f   comparab le   qua l i t y   t o   t ha t  shown i n   F i g .  2 .  

3 

S i n c e   l a b o r a t o r y   m i c r o s l i d e s   a r e   t o o   t h i n   t o   p e r m i t   t h e   f a b r i -  

c a t i o n  of   depress ions   for   geodes ic   l enses ,  we inves t iga ted   waveguid ing   in  

commerc ia l ly   ava i l ab le   g l a s ses   t ha t   cou ld   be   ob ta ined   i n   t h i cknesses  of 3 m m  

o r  more. A problem w e  encountered was t h a t  commercial  sheet  glass i s  

manufac tured   us ing   the   f loa t   t echnique ,   in   which   the   g lass   sur face  comes 

in to   con tac t   w i th   l i qu id   t i n . .   Th i s   appa ren t ly   con tamina te s   t he   su r f ace  

and make it  u n s u i t a b l e   f o r   t h e   f o r m a t i o n  of a waveguiding  layer .  When 

. t h i s   con taminan t  i s  removed  by ab ras ive   g r ind ing ,   t he   r epo l i shed   su r f ace  

i s  usefu l   for   waveguid ing .  

We f a b r i c a t e d  good waveguides i n  Pyrex   s l abs   t ha t  were f i r s t  

ground  and  polished. A l e n s  (L2) t h a t  was t r e a t e d   a t  25OoC f o r  15-1 /2  h 
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FIGURE  IV-2.  WAVEGUIDE ON A MICROSCOPE SLIDE FORMED  BY 
ION-EXCHANGE I N  MOLTEN SILVER  NITRATE  FOR 
10 HOURS AT 250 '~ .  THE  GUIDED WAVE 
ATTENUATION I S  ABOUT 0.7 dB/cm. 
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showed 3 composite TE-TM modes. This number i s  markedly  lower  than would 

be   ob ta ined   fo r  a micros l ide   under   the  same condi t ion  because  Pyrex  has  a 

lower  sodium  content (- 4% vs - 12%). However,  any d i f f e r e n c e s   i n  wave- 

g u i d e   q u a l i t y   t h a t . r e s u l t e d  from t h e  d i f f e rence   i n   g l a s s   compos i t ion  were 

not   apparent   to   the   eye .  

Other  ion-exchange  waveguides  studied  during t h i s  program were 

' f a b r i c a t e d   i n  samples of  Corning  photochromic  glass. Two lens   b lanks  of 

Photogreym were obtained  commercial ly ,   whi le   Nicholas   Borrel l i  and 

Thomas P. Seward I11 of t h e  Corning  Research  Laborator ies   graciously 

provided  us w i t h  other   samples .  These cons is ted   o f  Photobrownm l e n s  

blanks and samples  from a s p e c i a l  melt o f   h igh ly   da rkenab le   g l a s s   l i ke  

tha t   descr ibed   in   Ref .  24. 

We found t h a t  good quality  ion-exchange  waveguides  were  obtained 

i n   a l l   v a r i e t i e s   o f   p h o t o c h r o m i c   g l a s s   t e s t e d .  However, t h e r e  was a some- 

what g r e a t e r   c o n c e n t r a t i o n   o f   s c a t t e r i n g   c e n t e r s   i n   t h i s   m a t e r i a l   t h a n   i n  

e i t h e r  Pyrex o r   m i c r o s l i d e   g l a s s .  The s c a t t e r i n g   o f   r e d   l i g h t   f r o m  a 

&-Ne l a s e r  was v i s i b l e   a s  i t  propagated  through  the  bulk  of  t h e  photo- 

chromic  samples.  This  effect was no t   obse rved   fo r   o the r   g l a s ses   s tud ied .  

However, t h e   a d d i t i o n a l   s c a t t e r i n g  was n o t   s u f f i c i e n t   t o   i m p a i r   t h e   u s e f u l -  

ness   o f   the   samples   to   the   p rogram of geodes ic   l ens   eva lua t ion .  

LiNbO, Waveguides 
2 

The l e n s   t e s t i n g  and eva lua t ion  done i n   t h i s  program was per- 

formed w i t h  g l a s s ,   r a t h e r   t h a n  LiNb03, fo r   r ea sons  of convenience and 

economy. kwever ,   t he   d i scuss ion   o f  Sec. I1 showed Limo3 t o  be  the  lead-  

i ng   cand ida te   wavegu ide   ma te r i a l   fo r   i n t eg ra t ed   op t i ca l   p rocesso r s .   In  

accord  with i t s  importance, we h e r e i n   d e s c r i b e   t h e   s t a t e   o f   t h e   a r t   o f  

waveguide f a b r i c a t i o n   i n  t h i s  m a t e r i a l .  

Waveguides may be f a b r i c a t e d   i n  LiNbO by a number of  tech- 3 
n iques ,  two of  which a r e   p a r t i c u l a r l y   s u i t a b l e   f o r   t h e   n e e d s   o f   t h e  

present  program.  These two techniques   a re   ou t -d i f fus ion   (or   "e f fus ion")  

of   l i th ium,  and in-diffusion  ("infusion")  of a t r a n s i t i o n   m e t a l .  



We have  developed a s imple   p rocedure   for   p roducing   ou t -d i f fused  

guides .  A Y-(or X-) c u t   s i n g l e - c r y s t a l   p l a t e   o f  LiNb03 is hea ted   i n   s lowly  

flowing  oxygen  (or a i r )  a t   t empera tu res   gene ra l ly   f rom ~ O O - ~ I O O ~ C  f o r  times 

varying  from a few minutes   to  several hours,   depending  on  the number of 

modes and   depth   o f   gu ide   des i red .   This   hea t ing   dr ives   o f f   l i th ium,   changing  

t h e   c r y s t a l   s t o i c h i o m e t r y  a t  t h e   s u r f a c e ,  and r e s u l t i n g   i n   a . r e g i o n  of 

increased  refractive index.  LiNbO i s  o p t i c a l l y   u n i a x i a l ,  and it happens 3 
t h a t  i t  i s  p r imar i ly   t he   ex t r ao rd ina ry .   i ndex  n t h a t  i s  inc reased .  Waves 

responding   to   the   o rd inary   index  n (TM waves for   p ropagat ion   a long   the  

z -ax is )   a re   genera l ly   no t   gu ided .  The r e f r ac t ive - index-change   p ro f i l e   i n  

effused  waveguides   has   the  shape  of   an  integral   co-error   funct ion,  

ra ther   than   the   Gauss ian   o r   co-er ror   func t ion   shapes   o rd inar i ly   found  in  

infused  guides .   Also,   the   overal l   index  change  obtainable  is  not   as   l a rge-  

about 0.004 i s  a p r a c t i c a l  maximum. In  consequence,  an  effused  guide  sup- 

p o r t i n g  a given number of modes t ends   t o   run  somewhat deeper   than a cor- 

responding  infused  guide,  a disadvantage when e lec t roopt ica l   modula t ion  is  

contemplated. On the  other   hand,   guides   produced  by  this  method are of 

e x c e l l e n t   o p t i c a l   q u a l i t y ,   o b s e r v a b l e   a t t e n u a t i o n   s c a r c e l y   e v e r   o c c u r r i n g .  

This ,  and t h e   e a s e  of f a b r i c a t i o n ,   a r e   s t r o n g   a r g u m e n t s   f o r   u s i n g   e f f u s e d  

guides when poss ib l e .  

e 
0 

(12) 

Infusion  of   any  of  a wide va r i e ty   o f   t r ans i t i on -me ta l   i ons  (10) 

from a meta l   f i lm  depos i ted   on   the   c rys ta l   sur face   p roduces   reg ions   o f  

increased   index .capable   o f   suppor t ing   bo th  TE and TM modes. Titanium i s  

widely  used as a diffusing  e lement   because i t  y i e l d s  a large  index  in-  

c r ease  (up t o  .04 f o r  TE modes)  and  because i t  i s  known t o   y i e l d  wave- 

guides  of good o p t i c a l   q u a l i t y .  Channel  waveguides are f r e q u e n t l y  made 

by  Ti-infusion  from a th in   r ibbon  source .   T i tan ium i s  a very  slow 

d i f f u s e r   i n  LiNbOg, bu t   t h i s   a l l ows   ea sy   con t ro l   o f   t he   d i f fus ion   l eng th ,  

so  tha t   s ing le-mode   gu ides ,   for   ins tance ,  may be  readi ly   produced.  We 

have  produced a number of  planar  waveguides  by electron-beam-evaporating 

10-50 nm t h i c k   f i l m s   o f   h i g h - p u r i t y  T i  onto Limog, heat ing  f rom 3-6 h r   i n  

argon a t  900-950 C, and  cool ing i n  flowing  oxygen. The optimum experimental  

condi t ions   for   p roducing  T i  waveguides  have  not  yet  been  worked  out;however, 

39 



a procedure as above  generally  gave good qual i ty   gu ides   suppor t ing   1-4  

modes.  The d i f fus ion   t empera tu re  must  be  maintained a t  900 C o r   h i g h e r   t o  

avo id   a t t enua t ion   r e su l t i ng   f rom  fo rma t ion  (45) of small amounts  of  Limgo8. 

If t h e   i n i t i a l  T i  l a y e r  i s  too   t h i ck ,  a hazy   res idua l   sur face   l ayer ,   p re-  

sumably  of T i 0 2 ,  causes  some a t t e n u a t i o n   a n d   i n h i b i t s   e f f e c t i v e   c o u p l i n g ;  

sometimes th i s   l aye r   can   be   success fu l ly   po l i shed   o f f ,   t hough .  

0 

Two c h a r a c t e r i s t i c s   o f   t h e s e   w a v e g u i d e s   n o t   n o t e d   i n   t h e  pub- 

l i s h e d   l i t e r a t u r e  are the  fol lowing:  

(I) The g u i d e s   i n  some ins t ances  show pho to re f r ac t ive  

behavior  (see .Set. VI) ,   as   evidenced  by  the  ready 

formation  of  a g r a t i n g  by in t e r sec t ing   gu ided  beams. 

It i s  no t   ye t  known w h e t h e r   t h i s   e f f e c t  i s  due t o   t h e  

t i t a n i u m   i t s e l f   o r   t o   t h e   a c c i d e n t a l   i n t r o d u c t i o n  of 

some impuri ty .  

(2)  During  the  infusion  process ,  some l i thium  does  tend 

to   evapora t e   f rom  the   c rys t a l ,   t end ing   t o  form  an 

effused  guide  superimposed  on  the  infused  guide.  

This   compl ica tes   the  TE modes,  and makes use  of TM 

modes g e n e r a l l y   p r e f e r a b l e .  O f  cou r se ,   i n   dev ices  

where i t  i s  poss ib le   to   p ropagate   the   l igh t   sub-  

s t a n t i a l l y   p a r a l l e l   t o   t h e   o p t i c   a x i s ,   t h e   e f f u s e d -  

gu ide   e f f ec t  will not  -occur. 

Fabricat ion  of   Depressions  for   Geodesic  Waveguide  Lenses 
i n   G l a s s  and i n  LiNbO ’ 3 

Depressions  for  geodesic  waveguide  lenses were fab r i ca t ed   u s ing  

abrasive  gr inding  and  pol ishing.   techniques.  The s t e p s   t h a t  were employed 

va r i ed  somewhat acco rd ing   t o   t he   na tu re  of t he   ma te r i a l   be ing  worked. 

Limo was t h e  most d i f f i c u l t   m a t e r i a l   t o   p o l i s h ,  Pyrex  glass was t h e  

e a s i e s t ,  and the  photochromics were in t e rmed ia t e   t o   t hese   ex t r emes .  
3 
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Grinding 

The bas ic   p rocedures   for   g r ind ing   lens   depress ions  were es tab-  

l ished  with  Pyrex  and  used  with  appropriate   modif icat ions  throughout   the 

program. A r ec t angu la r   s l ab   o f   t he  material t o   b e  ground is  centered  

and pos i t ioned   normal   to   the   ro ta t ion  axis of a d r i l l   p r e s s .  The chuck 

conta ins  a brass  rod,  the  working  end  of  which i s  hollowed  out t o   a c c e p t  

a s teel  b a l l   b e a r i n g   o f   t y p i c a l   d i a m e t e r  1.0 - 2.5 cm. To g r ind  a depres- 

s i o n ,   t h e   b a l l ,   s l a b ,  and  rod  are   brough  into  contact ,  a s l u r r y   o f   a b r a s i v e  

g r i t  i s  a p p l i e d   t o   t h e   b a l l - g l a s s . i n t e r f a c e ,  and t h e   b a l l  is  ro t a t ed .   P re s -  

s u r e  i s  a p p l i e d   c a r e f u l l y   i n   r e p e a t e d   s h o r t   i n t e r v a l s   u n t i l   t h e   d e s i r e d  

amount of m a t e r i a l  i s  removed. The steel b a l l  i s  h e l d   t o   t h e   b r a s s   r o d  

o n l y   b y   f r i c t i o n .   O c c a s i o n a l l y ,   t h e   b a l l  i s  r e o r i e n t e d   t o  l i m i t  any 

a s p h e r i c i t y   t h a t  might  be  induced i n  i t  by the   ac t ion   o f   t he   ab ras ive .  

A prob lem  wi th   t h i s   sys t em  fo r   dep res s ion   g r ind ing  i s  t h a t   t h e  

ve loc i ty   o f   t he   ab ras ive   dec reases   t o   ze ro   a long   t he   ro t a t ion   ax i s   o f   t he  

b a l l .  G r i t  and metal p a r t i c l e s   f r o m   t h e   b a l l   t e n d   t o   a c c u m u l a t e   i n   t h e  

base  of   the   depression,  so  tha t   the   f in i shed   sur face   does   no t   have   the  

uni formly   f ros ted   appearance   tha t  i s  des i r ed .   Th i s   e f f ec t   can   be   min i -  

mized  by  repeated  f lushing  of   the  depression  during  the  gr inding  process .  

Some of   the   nonuni formi ty   can   a l so   be  removed during  subsequent   pol ishing.  

However, t h i s   e f f e c t  i s  l i ke ly   t he   sou rce   o f   t he   a sphe r i c i ty   t ha t  w e  

observed   in   our   l ens   sur faces .  

A modif ied  technique was employed s u c c e s s f u l l y   i n   f a b r i c a t i n g  a 

d e p r e s s i o n   i n  LiNbO  To implement th i s   t echn ique ,  a smal l   depress ion  

i s  f i r s t  machined i n t o   t h e  LiNbO s l ab   u s ing  a l a t h e  and a rounded c u t t i n g  

t o o l .  The depth  of the   dep res s ion  i s  c l o s e   t o   t h a t   d e s i r e d   f o r   t h e   l e n s ,  

but   the   diameter   of   the  r i m  i s  much less. The machined s l a b  is  placed on 

t h e   d r i l l   p r e s s  and a steel b a l l  i s  used   wi th   abras ive   to   en la rge   the  

depress ion   to   the   requi red   d imens ions .   Al though  abras ive   accumula tes   in  

t h e   b a s e   o f   t h e   d e p r e s s i o n ,   t h i s   a r e a  i s  no t  i n  c o n t a c t   w i t h   t h e   b a l l  

u n t i l   t h e   g r i n d i n g   p r o c e s s  is  v i r tua l ly   comple ted .  The r e s u l t  i s  an  

improvement in   the   un i formi ty   o f   the   g round  sur face .  

3' 
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The c h o i c e   o f   g r i t   t o   u s e   i n   g r i n d i n g  a depress ion   does   no t  

appear   to   be c r i t i c a l .  400 g r i t   s i l i c o n - c a r b i d e - w a t e r   s l u r r i e s  were 

used i n   t h e   f a b r i c a t i o n   o f   d e p r e s s i o n s   i n   P y r e x ,   w h i l e  15 pm - s i z e  

diamond. p a r t i c l e s   i n  a p a s t e  were used   fo r  LiNbO 3' 

Pol i sh ing  

The ground  depressions  have a frosted  appearance  which i s  re- 

moved by work ing   t he   su r f ace   w i th   success ive ly   f i ne r   ab ras ives .   Fo r   t h i s  

ope ra t ion  a s l a b  i s  mounted  on a t u r n t a b l e  so tha t   t he   dep res s ion   can   be  

worked  by  hand from  above. The base  of   the  depression i s  centered  over  

t h e  axis of   the   tu rn tab le ,   which  i s  ro t a t ed   a t   abou t  550 rpm. A steel b a l l  

of   the  same s i ze   u sed   t o   g r ind   t he   dep res s ion  i s  p l a c e d   i n   t h e   h o l l o w e d   t i p  

of a t runcated  cone made by cas t ing   epoxy  in  a small   laboratory  funnel .  The 

la rger   end   of   the   t runca ted   cone   provides  a convenient   sur face   for   the  

c r a f t s m a n   t o   g r i p  and con t ro l   t he   ba l l .   Fo r   f i ne   po l i sh ing ,   one   o r  more 

l aye r s   o f  - 150 pm ny lon   c lo th   a r e   d raped   ove r   t he   ba l l  and secu red   t i gh t ly .  

The p u r p o s e   o f   t h i s   c l o t h  i s  t w o f o l d :   f i r s t ,  i t  p reven t s   t he  s teel  b a l l  from 

marr ing   the   f in i sh   o f   the   sur face ;   second,  it rounds  the r i m  of   the  depres-  

s ion  so t h a t  waveguided l i g h t  will encounter  no sharp  edges  as  i t  passes  

i n t o  and out   o f   the   f in i shed   lens .  

As the   c ra f t sman  po l i shes   the   depress ion   sur face ,   he   impar t s  a 

rocking   mot ion   to   the   c lo th-covered   ba l l .   This   he lps   to   keep   abras ive   f rom 

bu i ld ing  up in   t he   base   o f   t he   dep res s ion ,  and provides  a more uniform 

po l i sh   t han  would otherwise  be  obtained.  After the  depression  has   been 

t a k e n   t o  a f a i r l y  good pol i sh   us ing ,   for   example ,  1.5 pm diamond p a r t i c l e s ,  

the  specimen i s  removed f rom  the   t u rn t ab le  and t h e   f l a t   p a r t   o f   t h e   s u r f a c e  

i s  pol i shed   us ing  a s o f t   c l o t h  and t h e  same series o f   ab ras ives .   F ina l  

po l i sh ing   of   the   depress ion   reg ion  and t h e   f l a t   t h e n   c o n c l u d e   t h e   f a b r i c a -  

t i on   p rocess .  

The optimum choice  of   abrasive compounds for   po l i sh ing   depends  

on   the   mater ia l   be ing   worked ,   espec ia l ly   as   the   f ina l   po l i sh ing   s tages   a re  

approached. A procedure  that  worked well f o r  Pyrex made success ive   use  
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o f  600 g r i t   s i l i c o n   c a r b i d e ,  305 emery,.1.5-pm  diamond,  and cerium oxide.  

I n   t h e  case o f  LiNb03, it was p o s s i b l e   t o  go from 15-pm diamond t o  1.5 pm 

diamond w i t h o u t   d i f f i c u l t y .  Ibwever, v a r i o u s   a t t e m p t , s   t o   a t t a i n  a good 

q u a l i t y   f i n a l   p o l i s h  were o n l y   p a r t i a l l y   s u c c e s s f u l .  Cerium oxide and 

Glennel gamma a lumina   ga l led   the   sur face .  The h i g h e s t   q u a l i t y  was obta ined  

with  0.25 pm-diamond p a r t i c l e s ,   b u t   r e s u l t s  were va r i ab le .  A po l i sh ing  

compound cal led  Sytonm HT-30, known' t o   b e   u s e f u l   f o r   p o l i s h i n g  LiNb03, was 

n o t   p u r c h a s e d   s u f f i c i e n t l y   e a r l y   i n   t h e   p r o g r a m  t o  be   t e s t ed .  

Owing t o   t h e   d i f f i c u l t y   o f   a t t a i n i n g  a good f i n a l   p o l i s h ' o n  LiNbO 

t h e   s u r f a c e  of t he   dep res s ion   f ab r i ca t ed  in t h i s  material had t o   b e  worked 

excess ive ly .  As a r e s u l t ,  a dimple  of  about 1 mm diameter  developed a t  

t he   base   o f   t he   dep res s ion .  The same effect  occur red   t o  a degree   in   Pyrex  

g l a s s   l enses .   S ince   t he   po l i sh ing   ope ra t ion   t ook  less t i m e  i n   g l a s s ,   t h e  

dimples   were.not  as pronounced;  however, t he i r   d imens ions   o f   1 /2 -1  mm 

diameter  were comparable to   t he   d i ame te r   o f   t he   d imple   i n  LiNbO The g l a s s  

d i m p l e s   c o n t a i n e d   c i r c u l a r   f r a c t u r e   l i n e s  which   se rved   to   sca t te r  a small  

amount of  waveguided l i g h t .  

3' 

3' 

These a r t i f a c t s   a r e   b e l i e v e d   t o   r e s u l t   f r o m   o u r   p a r t i c u l a r  method 

o f   dep res s ion   f ab r i ca t ion ,   i n   wh ich   r ap id   c i r cu la r   mo t ion  i s  impar ted   to  

e i t h e r   t h e  s teel  b a l l   u s e d   f o r   g r i n d i n g   o r   t h e  sample  being  pol ished,   but  

no t   to   bo th .   This   causes  material a t   t he   base   o f   t he   dep res s ion   t o   be  

removed  more s lowly   t han   ma te r i a l   a t   t he  r i m ,  i n   acco rd   w i th   t he  low 

v e l o c i t y  of a b r a s i v e   p a r t i c l e s   i n   t h a t   r e g i o n .  The same e f f e c t   p r o b a b l y  

causes   the   over .a l1   shape   of   the   depress ion   to   be   aspher ica l :   spher ica l  

depressions  are  not  produced  by  the  methods  employed  here. However, t h i s  

w i l l  be   seen   to   be  a p o t e n t i a l   a d v a n t a g e   f o r   t h e   f a b r i c a t i o n   o f   l e n s e s   w i t h  

low sphe r i ca l   abe r ra t ions .  (33 1 
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A f i n a l  cons ide ra t ion   has   t o   do   w i th   t he   necess i ty   fo r   c l ean ing  

and in spec t ing   t he   dep res s ion   su r f ace   a t   i n t e rva l s   t h roughou t  i t s  f ab r i ca -  

t i o n .  If the  sample is n o t   a c c u r a t e l y   r e p o s i t i o n e d   i n  i t s  mount, o r   i f  

t h e  steel b a l l  i s  n o t   a c c u r a t e l y   c e n t e r e d  i n  the   dep res s ion   be fo re   fo rce  

i s  a p p l i e d   t o  i t ,  an  asymmetric s u r f a c e  w i l l  r e s u l t .  Asymmetries a r e  more 

l i k e l y   t o   b e   i n t r o d u c e d  i n  f a b r i c a t i o n  schemes t h a t   r e l y   h e a v i l y  on human 

judgment, as ours  did.   Fortunately,   completely  automated  techniques  have 

been   deve loped   by   t he   op t i c s   i ndus t ry   fo r   f ab r i ca t ing   h igh   qua l i t y   p rec i -  

s i o n   d e p r e s s i o n s   i n   o p t i c a l   m a t e r i a l s .   T h e s e   s h o u l d   b e   u s e d   i n   t h e   f u t u r e  

to   obtain  the  best   performance  f rom  geodesic   waveguide  lenses .  The poten- 

t i a l   o f   t h i s   t y p e  of   l ens   for   in tegra ted   op t ica l   p rocess ing ,   sugges ted   in  

Sec. 11, i s  fu r the r   co r robora t ed   by   ou r   expe r i ence .   In  view  of the  problems 

w e  encountered  with  manual   fabr icat ion,   including  dimples  and su r face  

asymmetries,   the  performance we a t ta ined   f rom  our   l enses  was outs tanding .  

EXPERIMENTAL  STUDIES  OF GEODESIC WAVEGUIDE .LENSES 

Dependence of  Focal  Length  on Lens Geometry 

Figure I V - 3  i s  a photograph  of  waveguide  lenses  that  were f a b r i -  

c a t e d   i n   g l a s s   d u r i n g   t h e   c o u r s e   o f   t h i s   p r o g r a m .  The l e n s   a t   t h e   l e f t  

was broken  before  any tes ts  could  be  performed  with i t .  The smal le r   l enses  

a t   t h e   c e n t e r  of the  photograph were f a b r i c a t e d   i n  Pyrex  with  the  a id   of  

a 14.3 mm steel b a l l   l i k e   t h a t  shown between  them. The o t h e r  two l enses  

were made i n   t h e  photochromic  glass   suppl ied  to   us  by  Corning  Research 

Labora tor ies .  They were ground us ing  a 2 3 . 8  mm d i a m e t e r   b a l l   l i k e   t h a t  

shown a t   t h e   r i g h t   i n   t h e   f i g u r e .  

Table I V - 1  shows r e l evan t   numer i ca l   da t a   fo r   each   g l a s s   l ens  

t e s t e d .  These  include %, t h e   r a d i u s  of t h e   b a l l ;  Rc, t he   r ad ius   o f   t he  

r i m ;  h ,   the   depth   o f   the   depress ion ,  and fo ,  t h e   f o c a l   l e n g t h   f o r   p a r a x i a l  

r ays .   I f   t he   l ens   dep res s ion  i s  known t o   b e   s p h e r i c a l ,  R and h determine 

i t s  rad ius   o f   curva ture ,  
C 
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FIGURE  IV-3.  GEODESIC  LENSES  FABRICATED I N  SILVER- 
ION-EXCHANGED GLASS  WAVEGUIDES. 
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TABLE I V - 1 .  GEOMETRIC AND FOCAL  CHARACTERISTICS  OF GEODESIC 
LENSES I N  GLASS WAVEGUIDES. PARAMETERS A R E  DE- 
FINED I N  THF. TEXT AND EVALUATED I N  MILLIMETERS 

L2 Pyrex 

L3 Pyrex 

4.5 1.41 7.9 7 . 1  13.6 12.7 

4.6 1.35 8.5 7.1 11.3  14.5 

L4 Photobrown 5 .8  1.24 13.9 11.9 28 32.2 

L5 Corning m e l t  6.2 1.50 13.4 1.1.9 - 27 27.5 

TM 

GGXXI 

Rs = (1 /2)  (h + Rc2/h) ( I V -  1) 

The t h e o r e t i c a l l y   e x p e c t e d   p a r a x i a l   f o c a l   l e n g t h  i s  (30) 

f t  = (Rc/4) (1 + Rc / h  . 2 2  ( I V -  2) 

Both R and f are p resen ted   i n   Tab le  I V - 1  for   compar ison   wi th   the   exper i -  

mental   values  % and fo .  Measured foca l   l eng ths   t end   t o   be  somewhat d i f -  

ferent   than  expected  f rom Eq. (2) .   Theore t ica l   cons idera t ions   p resented  

in   Re f .  (33 )   sugges t   t ha t   p rec i se   f ab r i ca t ion   t o l e rances  must  be m e t  t o  

ob ta in   l enses   having  a f o c a l   l e n g t h   c l o s e   t o  a g iven   va lue .   This  i s  ind i -  

ca ted  by t h e   r e s u l t s   o f   F i g .  IV-4,  which shows a pro f i l e   o f   t he   Py rex  

l ens  L2. The exper imenta l   po in ts  were measured  using a microscope  in 

which the   ho r i zon ta l   (ve r t i ca l )   d i sp l acemen t s   o f   t he   s t age   (ob jec t ive )  

were c a l i b r a t e d .  The curve   th rough  the   da ta  is  a c i r c u l a r   a r c  of r ad ius  

R = 7,.932 mm, ca lcu la t ed   u s ing  Eq. (1) wi th  h = 1.4 mm and R = 4.5 mm. 
The dev ia t ion  of t h e   d a t a   p o i n t s   f r o m   t h e   c i r c l e  is  typ ica l ly   0 .05  mm, o r  

about  0.006Rs. Yet the   13 .6  mm f o c a l   l e n g t h  measured f o r   t h e   l e n s  i s  

about 1 mm longer   than   the   va lue   ca lcu la ted   f rom Eq. (2).  Automatic 

f ab r i ca t ion   o f   geodes i c   l ens   dep res s ions  will b e   n e c e s s a r y   i n   o r d e r   t o  

meet the   to le rance   requi rements   sugges ted   by   these   resu l t s .  

S t 
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FIGURE IV-4. PROFILE OF THE DEPRESSION OF  PYREX LENS L2. CROSSES  DESIGNATE 
EXPERIMENTAL POINTS. THEORETICAL F I T   I S  AN ARC OF THE CIRCLE 
HAVING RADIUS Rs = 7 . 9 3  mm. 

f 



Effects of   Spher ica l   Aberra t ions   on  Lens  Performance 

Figure IV-5a shows the  performance of the  Pyrex lens L2 when 

f i v e   p a r a l l e l   r a y s   a r e   i n c i d e n t   o n  it .  The t h r e e   i n t e r i o r   r a y s   a p p a r e n t l y  

i n t e r s e c t  a t  t h e  same point,   which i s  approximate ly   one   paraxia l   foca l  

length   f rom  the  center o f   t h e  9 mm d iameter   l ens .  The outer   rays ,   sepa-  

r a t e d  by 6 mm, c r o s s   t h e   l e n s   a x i s   c o n s i d e r a b l y  beyond t h i s   p o i n t ,   t h u s  

ind ica t ing   t he   p re sence   o f   sphe r i ca l   l ens   abe r ra t ions .  The s p o t   s i z e  

suggested  by  the  confusion  of   rays  i s  s 1 mm. a 
Figure  IV-5b shows t h e  same l e n s   i n   o p e r a t i o n   f r o m  a somewhat 

d i f f e ren t   po in t   o f   v i ew.  A 4.5-mm-wide beam is  coupled   in to   the   gu ide  

and  , focused,   ra ther   than a set  o f   d i sc re t e   r ays .  Use o f  a sma l l e r   ape r tu re  

i n   t h i s   e x p e r i m e n t   r e s u l t s   i n  a sma l l e r   foca l   spo t   s i ze ,   e s t ima ted  from 

the  photograph  to   be sa 0.2 mm. 
Photographs  such  as  those shown i n   F i g .  IV-5 a r e   u s e f u l   f o r  

q u a l i t a t i v e   e v a l u a t i o n  of lens  performance,  but  measurements made from 

them are imprec i se   fo r  two reasons:   (1)   photographic   f i lm i.s a nonl inear  

record ing  med'ium, and (2) observed   l igh t  i s  t h a t  which  has  been  scattered 

by  randomly located  inhomogeneities  on and within  the  waveguide,  and i s  

no t   necessa r i ly  a t r u e   r e f l e c t i o n   o f   t h e   i n t e n s i t y   o f   l i g h t   c o n f i n e d   t o  

the   wavegu ide .   In   f ac t ,   t o   ob ta in   p i c tu re s   l i ke   t ha t   o f   F ig .  IV-5b, i t  

was h e l p f u l   t o   i n t r o d u c e   s c a t t e r i n g   c e n t e r s   o n   t h e  waveguide s u r f a c e   i n  

the  form  of a smeared  thumbprint o r  condensed  moisture  from a b r e a t h  of 

w a r m  a i r .   This   v iewing   technique  i s  less than  optimum because   t he   s ca t t e r -  

ing  centers   degrade  the  performance  of   the  lens  a t  t h e  same time t h a t   t h e y  

he lp  one t o   o b s e r v e  it. 

For   these  reasons.we  devised  an  experimental   technique  that  made 

it  p o s s i b l e   t o   l o o k   a t   a n  image of  the  actual  waveguided beam ra the r   t han  

an image of s ca t t e r ed   l i gh t   f rom  the  waveguide su r face .  By d e t e c t i n g   t h i s  

image e l ec t ron ica l ly ,   r a the r   t han   pho tograph ica l ly ,  we avoided  the  problems 

o f   f i lm   non l inea r i ty .   F igu re  IV-6 shows a schematic   diagram  of   the  experi-  

ment.   Collimated  l ight  from a He-Ne laser i s  pr i sm-coupled   in to   the  

waveguide,   focused  by  the  geodesic  lens,   prism-coupled  out of t he  waveguide, 
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(a) FOCUSING  OF FIVE PARALLEL RAYS 

(b) FOCUSING  OF A WIDE-APERTURE BEAM 

FIGURE  IV-5. FOCAL  PROPERTIES  OF PYREX LENS L2 
FROM TWO POINTS  OF VIEW. 
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FIGURE IV-6. EXPERIMENTAL  CONFIGURATIOE  FOR MEASURING LIGHT 
INTENSITY  IN THE FOCAL, REGION OF A WAVEGUIDE LENS. 



and passed  through a 50 mm, f/3.75 Argus C 3  l ens .  The l e n s   p r o j e c t s  a 

magnified (- 15X)  image of t he   foca l   spo t  a t  a plane  which i s  scanned  by 

a f ibe r   bund le   s topped   t o   an   ape r tu re   o f  25 pm. L i g h t   i n t e n s i t y   t r a n s -  

mi t t ed   by   t he   f i be r   bund le   t o  a photomul t ip l ie r  i s  conve r t ed   t o   vo l t age  

and  displayed on a r eco rde r  as a func t ion  of t he   f i be r -bund le   pos i t i on .  

Owing t o   t h e  small s i z e  of t he   ape r tu re   ove r   t he   f i be r   bund le ,   t he   pho to -  

m u l t i p l i e r  is s u b j e c t e d   t o  low l i g h t  levels. Consequently,   iock-in 

d e t e c t i o n  i s  employed t o  improve the   s igna l - to -no i se   r a t io .  

The recorder   ou tput  i s  i n d i c a t i v e   o f   t h e   d i s t r i b u t i o n   o f   i n t e n -  

s i t y  of  waveguided l i g h t   i n  a d i r e c t i o n  x normal   to   the   ax is   o f   the  

geodes ic   l ens .   This   d i s tance  may be  calculated  f rom Z, t h e  known 

p o s i t i o n   o f   t h e  camera l ens .   F igu re  IV-7 def ines   the   parameters  

used i n   t h e   c a l c u l a t i o n .   R e f r a c t i o n   a t   t h e   a i r - p r i s m  and  prism-waveguide 

i n t e r f a c e s  i s  ignored   t o   s imp l i fy   t he   f i gu re ,   bu t  i t  may be   t aken   i n to  

accoun t   app rox ima te ly   by   conve r t ing   d i s t ances   t o   t he i r   op t i ca l   va lues  

a f t e r   t h e   c a l c u l a t i o n s .   I n   a c c o r d   w i t h   t h e  laws of geomet r i ca l   op t i c s ,  

= D + z - F ( D ~ - z ) / ( D ~ - z - F )  
2 

( I V -  3) 

where F = 5.0 c m  i s  t h e   f o c a l   l e n g t h  of  t h e  camera l ens .  D and D may 

be  adjusted so t h a t   t h e   o p t i c a l   d i s t a n c e  nz i s  near   the   geodes ic   l ens  

f o c a l   l e n g t h   f o  when Z = 0.  By r e c o r d i n g   i n t e n s i t y   p r o f i l e s   o v e r  a range 

o f  va lues  o f  Z, a de tak led  mapping o f   l i g h t   i n t e n s i t y   i n   t h e   f o c a l   r e g i o n  

of   the’geodes ic   l ens  i s  obtained.  For  our  system, Dl 80 c m  >> D2, Z ,  

and  F, so  t h a t  

1 2 

nz a f + nZD1/(D1-F) 
0 

( I V -  4 )  

Figure  IV-8a  shows measured i n t e n s i t y   p r o f i l e s   o b t a i n e d   f o r   t h e  

case  of a 5-mm plane wave inc ident   on   the   Pyrex   lens  L2. P r o f i l e s  were 

t a k e n   f o r   f i v e   d i f f e r e n t   v a l u e s   o f  Z t ha t   co r re sponded   t o   d i s t ances  nz i n  

the  range  13.3-15.5 mm f rom  the   geodes ic   l ens   cen ter .   F igure  IV-8b p resen t s  

a ray  diagram  showing  the  output se t  of   rays   t ransmi t ted  by t h e   l e n s   f o r  

a uniformly  spaced  input  set w i t h i n   t h e  5-mm en t rance   ape r tu re ,  as calcu-  

la ted   f rom  the   equat ion  

51 



Image 
Plane 

Re fe rence  Object  
Plane Plane 

FIGURE IV-7 .  DETAILS OF THE OPTICAL SYSTEM USED TO  IMAGE 
THE FOCAL REGION OF A WAVEGUIDE LENS. 
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(a) INTENSITY  PROFILES (b) RAY DIAGRAM 

F I G U M   I V - 8 .  EXPERIMENTAL INTENSITY  PROFILES AND THEORETICAL RAY 
DIAGRAM OF THE FOCAL.REGIDN  OF PYREX LENS L 2 . .  

53 



f ( x )  = f + f1x , 2 (IV- 5) 
0 

v a l i d   f o r  .a l ens   w i th   t h i rd -o rde r   sphe r i ca l   abe r ra t ions .   In   t hese   ca l cu -  

l a t i o n s ,  fo  = 13.6 mm and f l  = 0.47 mm-' have  been  chosen so t h a t   t h e  

d e n s i t y   o f   r a y s  a t  a g i v e n   p o s i t i o n   c o r r e l a t e s   w i t h   t h e   i n t e n s i t y   d i s t r i -  

bu t ion  a t  t h a t   p o s i t i o n .  The f a c t   t h a t   t h e   c o r r e l a t i o n   a p p e a r s   t o   h o l d  

throughout  the  2.2 mm dep th   o f   t he   foca l   r eg ion  examined  suggests  the 

v a l i d i t y  o f  Eq. IV-5. The p r o f i l e s  are g e n e r a l l y  symmetric about   the   l ens  

a x i s ,   c o n s i s t e n t   w i t h   t h i s   e q u a t i o n ,   e x c e p t   f o r   t h e   p r o f i l e   t a k e n   a t  

14.2 rmn from  the  lens .   This  asymmetry appa ren t ly   r e su l t s   f rom  sma l l  

s t ruc tu ra l   a symmet r i e s   i n   t he   geodes i c   l ens   dep res s ion ,   bu t  why t h i s  

should   a f fec t   on ly   one   o f   the   foca l   scans  i s  no t   p re sen t ly  known. 

Figure IV-Sa shows a 40-pm-wide h igh - in t ens i ty   spo t  13.75 mm 

f rom  the   cen ter   o f   the   l ens .   This   spot  i s  about 25 times smal le r   than  

t h e   t o t a l   w i d t h   o f   t h e   r a y   e n v e l o p e  a t  t h i s   d i s t a n c e   f r o m   t h e   l e n s ,   i n d i -  

ca t ing   t ha t   on ly   pa rax ia l   r ays   a r e   con t r ibu t ing   t o   t he   obse rved   i n t ens i ty  

maximum. Foca l   c ros s   s ec t ions   t aken   a t   14 .7  and 15.5 mm show two widely 

sepa ra t ed   peaks   due   t o   t he   concen t r a t ion   o f   l i gh t   ene rgy   a long   t he   caus t i c s  

o f   t h e s e   p a r a x i a l   r a y s .  

The f i n e   s t r u c t u r e   o b s e r v e d   i n   t h e   i n t e n s i t y   p r o f i l e s   a p p e a r s  

t o   be   a s soc ia t ed   w i th   t he   i n t e r f e rence   pa t t e rn  set up  by i n t e r s e c t i n g   r a y s .  

Figure IV-9 shows the   r e su l t s   o f   an   expe r imen t   des igned   t o   check   t h i s .   I n  

F ig .  IV-ga,  an i n t e n s i t y   p r o f i l e  i s  obta ined   for   Pyrex   lens  L3 when input  

rays   a re   d i s t r ibu ted   symmetr ica l ly   about   the   l ens   ax is   over  a f u l l   a p e r t u r e  

of 5 mm. In   F ig .  IV-gb, r ays  are blocked  f rom  enter ing  the  lens   above i t s  

axis .   In   the  former  case,   the   ray  diagram  suggests   the  exis tence  of  wave- 

l e t s  en ter ing   the   foca l   reg ion   f rom  above   and   in te rsec t ing   s imi la r  wavelets 

coming up f rom  be low.   S ince   the   in te rsec t ing  wavelets are  coherent  and i n  

g e n e r a l   t r a v e l   d i f f e r e n t   o p t i c a l   p a t h   l e n g t h s ,   t h e y   a r e   t h e   s o u r c e   o f  a 

compl ica ted   in te r fe rence   pa t te rn   which  i s  r e s o l v e d   i n   t h e   f o c a l   s c a n .  When 

rays  are  blocked  from  above  the  lens axis, the  ray  diagram  of   Fig.  IV-9b 

shows  them t o   i n t e r s e c t  less o f t e n  and a t  smaller angles .  The expected 

r e d u c t i o n   i n   i n t e r f e r e n c e   s t r u c t u r e  i s  observed  experimental ly  i n  t h e  
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(a) RAYS INCIDENT ON THE LENS SYMMETRICALLY (b) RAYS INCIDENT ON ONE SIDE  OF' THE 
ABOUT I T S  AXIS  AXIS ONLY 

FIGURE IV-9. RAY DIAGRAMS AND INTENSITY  PROFILES OF PYREX LENS L3, SHOWING  THE CORRELATION 
BETWEEN RAY CROSSINGS AND FINE STRUCTURE I N  THE FOCAL REGION. 



corresponding   foca l  scan. However, t h i s  effect can   no t   account   for   the  

appearance of s t r u c t u r e  f a r  removed from  the lens a x i s ,  where r ays  do not  

i n t e r s e c t .   T h i s   s t r u c t u r e  must  be a t t r i b u t e d   t o   s c a t t e r i n g  by  waveguide 

inhomogeneities.  

Lens Performance Near t h e   D i f f r a c t i o n  L i m i t  

From Sec. 111, t h e   f o c a l   s p o t   s i z e   o f  a l ens   w i th   sphe r i ca l  

a b e r r a t i o n s  i s  s = fld  /16f0,   and  the maximum aper ture   over   which   the  

l e n s  i s  d i f f r a c t i o n   l i m i t e d  i s  d = 2 ( 2 f 0   l ~ / f , ) ' / ~ .  As. determined  from 

Fig.  I V - 8  f o r  lens L2, f o  = 13.6' mm and f = 0.47 mm . For   l igh t   o f  wave- 
l eng th  ). = 0.633  pm/1.49, dmax = 1.52 rnm. The co r re spond ing   d i f f r ac t ion  

l imi t ed   spo t   s i ze  i s  s = 7.6 pm. 

3 
a 2 

max -1 

a 
Figure IV-10  shows t h e   r e s u l t s   o f  a foca l   scan   for   Pyrex  lens 

L3, which was f ab r i ca t ed   t o   have   p rope r t i e s   a s   c lo se   t o   t hose   o f 'L2   a s  

our  techniques  could  produce. The scan   d i f f e r s   f rom  those   o f   F igs .  I V - 8  

and IV-9 i n   t h a t   t h e   i n p u t   a p e r t u r e  was r e d u c e d   t o   t h e   v i c i n i t y  of a 

millimeter, a s .   sugges t ed   by   t he   above   ca l cu la t ions ,   t o   de t e rmine   i f   l ens  

performance became d i f f r a c t i o n - l i m i t e d .   Q u a l i t a t i v e l y ,   t h e   r e d u c t i o n   i n  

s t r u c t u r e   i n   t h e  dominant  peak  of  Fig. I V - L O  ind ica tes   tha t   rays   which  

a r r i v e   a t   t h e   f o c a l   p o i n t  have   t rave led   equal   op t ica l   pa th   l engths .   This  

i s  r e q u i r e d   f o r  a d i f f r ac t ion - l imi t ed   l ens .   Quan t i t a t ive ly ,   t he   obse rved  

fu l l   wid th   a t   ha l f   he ight   o f   the   dominant   peak ,  8 pm, i s  s l i g h t l y   l a r g e r  

t han   t he   va lue   4 .7  f 1.0 pm ca lcu la ted   f rom  the   d i f f rac t ion   formula  

s / 2  = fh /d ,  where d = (1.25 f 0.25) mm in   t h i s   expe r - imen t .  

There  are  a number o f   p h y s i c a l   e f f e c t s   t h a t  may account   for   the  

observed  discrepancy.  Even i f   d i f f r a c t i o n  i s  t h e  dominant  mechanism 

a f f e c t i n g   f o c a l   s p o t   s i z e ,   s p h e r i c a l   a b e r r a t i o n s  w i l l  broaden  the  focal  

spot  somewhat beyond its. minimum diffract ion-l imited  value.   Other   broaden-  

i n g  mechanisms a r e   a s s o c i a t e d   n o t   w i t h   t h e  waveguide l ens   bu t   w i th   t he  

experimental   measuring  apparatus  shown i n   F i g .  IV-6. The 25 pm-diameter 

p inhole   over   the   f iber   bundle ,  when p ro jec t ed   i n to   t he   ob jec t   p l ane   o f  

t h e  camera lens ,   has   an  effective diameter   of   1 .6  pm. While t h i s   c a u s e s  
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FIGURE IV-10. FOCAL SCAN OF PYREX LENS  L2 FOR A 1.25-mrn-WIDE 
INPUT BEAM. DASHED  CURVE I S  A SINC-SQUARED 
ENVELOPE FUNCTION DETERMINED BY THE AVERAGE 
LEVEL OF 6ACKGROUND SCATTERING. 
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t he   obse rved   foca l   spo t   t o   be   i nc reased   ove r  its a c t u a l   s i z e ,  a more 

s i g n i f i c a n t   d i s c r e p a n c y  i s  i n t r o d u c e d   b y   d i f f r a c t i o n   e f f e c t s   i n   t h e  

imaging  system. Even i f  the  waveguide  lens were ab le   t o   p roduce  a 

pe r fec t   po in t   focus ,   t he   appa ren t   s i ze   o f   t he   spo t  as measured i n   t h e  

image plane would be 1 . 2 2  FA/D, where F/D i s  the  f /number  of  the  camera 

lens.   Taking F/D = 3 . 7 5  and A = 0 . 6 3 3 p m ,   1 . 2 2  FA/D = 2 . 9  pm. This i s  

very   near ly   equal   to   the   d i f fe rence   be tween  the   measured   spot   s ize ,  8 pm, 

and t h e  4 . 7  pm value   based   on   d i f f rac t ion   theory .   This   sugges ts   tha t   the  

performance  of  the  waveguide  lens is  v i r t u a l l y   d i f f r a c t i o n   l i m i t e d .  

Ef fec ts   o f  Waveguide Scat ter ing-on. .  Lens -Performapc.e - - 

Figure IV-10 shows, i n   a d d i t i o n   t o  a dominant cen t r a l   peak ,  a 

h ighly   s t ruc tured   background  of   sca t te red   rad ia t ion .  The e f f e c t s   o f   s c a t -  

t e r i n g  on t h e   f o c a l   c h a r a c t e r i s t i c s   o f  a waveguide l e n s  were cons ide red   i n  

Sec. 111. The s impl i f i ed   t heo re t i ca l   t r ea tmen t   deve loped   t he re   p red ic t ed  

a narrow diffract ion  peak  superimposed  on a broad  s t ructureless   background.  

The model  used f o r   t h e   c a l c u l a t i o n  was somewhat a r t i f i c i a l ,   s i n c e  i t  

assumed t h a t  a l l  s c a t t e r i n g   c e n t e r s  were opaque  and were loca ted   i n   t he  

f ron t   foca l   p l ane   o f   t he  waveguide lens ,   whi le   the   spaces   be tween  sca t te r -  

i ng   cen te r s  were of   equa l   wid th .   In  view o f   t h e   l i m i t a t i o n s   o f   t h i s  

t h e o r e t i c a l  model, the   bes t   use   o f   the   exper imenta l   da ta  may be made by 

drawing  an  approximate  envelope  function  over  the  background  distribution 

o f   s c a t t e r e d   l i g h t   i n   F i g .  IV-10, and  assuming t h a t   t h e   c o n s i d e r a t i o n s   o f  

Sec. I11 app ly   t o   t he   shape   o f   t h i s   enve lope .   In   t ha t   ca se ,   t he   he igh t  

of the   envelope shown i n   F i g .  IV-10 re lat ive t o   t h e   h e i g h t   o f   t h e   d i f f r a c -  

t i o n  peak   sugges t s   t ha t   t he   e f f ec t   o f  waveguide s c a t t e r i n g  i s  equiva len t  

t o   t h a t   o f  N % 8 windows i n   t h e   f r o n t   f o c a l   p l a n e .  The width  of   the 

e n v e l o p e   r e l a t i v e   t o   t h e   w i d t h   o f   t h e   d i f f r a c t i o n   p e a k   s u g g e s t s   t h a t   t h e  

s i z e   o f   t h e  windows i s  6 0 . 0 3  d ,  or about 0 . 0 3 7 5  mm. The t o t a l   t r a n s -  

miss ion   of   the   waveguide   f rom  f ront   foca l   p lane   to   back   foca l   p lane  (a I 

d i s t ance   o f  2 7 . 4  cm)  is N6/d = 0 . 2 4 ,  cor re spond ing   t o   an   a t t enua t ion   o f  

2 . 2 6  dB/cm. This i s  a t  least  twice a s   l a r g e   a s   a t t e n u a t i o n s   t y p i c a l l y  

measured i n  ion-exchanged  glass   waveguides ,   but   scat ter ing  associated 

wi th   l ens   imperfec t ions  may accoun t   fo r   pa r t   o f   t he   d i f f e rence .  
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Figure I V - 1 1  shows  a foca l   scan   ob ta ined   us ing  a 28-mm foca l   l eng th  

l e n s   f a b r i c a t e d   i n  Photobrownm g la s s .   Th i s   l ens   appea r s   t o   be   supe r io r   t o  

e i t h e r  Pyrex   lens   wi th   regard   to   bo th   spher ica l   aber ra t ions  and  waveguide 

s c a t t e r i n g .  The sharpness  of  the  focal  peak i s  e spec ia l ly   impress ive   i n  

view  of t h e   f a c t   t h a t   t h e   w i d t h  of t h e  beam being  focused was about 6 min, 
o r   s l i g h t l y  more than 50% o f   t h e   f u l l   l e n s   a p e r t u r e .  The 10-pm f o c a l   s p o t  

s i z e  and t h e  6-mm beam width may be   i n se r t ed   i n to  Eq. 10   to   de te rmine   the  

r a t i o   f l / f o  = 7.4 x 10  nun . The co r re spond ing   r a t io   fo r   t he   Py rex   l ens  

L2 was 3.5 x mm-2, i n d i c a t i n g  a 50X reduc t ion   i n   sphe r i ca l   abe r ra t ions .  

-4 -2 

F igure   16   a l so   sugges ts   tha t   waveguide   sca t te r ing  is much less i n   t h e   c a s e  

of  the  Photobrownm  lens. The height  and  width  of  the  background  noise i s  

equ iva len t   t o   t ha t   p roduced  by N = 10 windows i n   t h e   f r o n t   f o c a l   p l a n e ,  

each  having  an  aperture 6 = 0.4 mm. The waveguide  a t tenuat ion  calculated 

f rom  these   f igures  i s  only  0 .3  dB/cm.  The dramatic  improvement over   the 

r e s u l t s   i n  Pyrex i s  though t   t o   be   due   i n   pa r t   t o   be t t e r   su r f ace   po l i sh  and 

t o   t h e   f a c t   t h a t   t h e  Photobrown l ens  was p r e c l e a n e d   i n   n i t r i c   a c i d   p r i o r  

to   exper imenta t ion .  

~~ ~~ .. Resolut ion " ~ _  CapAbilities  of  Geodesic Waveguide Lenses 

Figure IV-12 shows the   r e su l t s   o f  a s imple  r e s o l u t i o n  tes t  per- 

formed  using  the  Pyrex  lens L2. In. Fig.  IV-12a  a s ingle   3 .5-m-wide beam 

i s  focused  by  the  lens .   Experimental   condi t ions  are   s imilar   for   Fig.  IV-12b 

except   tha t  a d i f f r a c t i o n   g r a t i n g  i s  p l a c e d   i n   t h e   l a s e r  beam before i t  i s  

coupled  into  the  waveguide.  The g r a t i n g  was f a b r i c a t e d   h o l o g r a p h i c a l l y   i n  

a s l a b  of Limo3 (21) and  had a period  of  14.4 pm. In  the  experiment   the 

g r a t i n g  was or ien ted   to   p roduce  two n e a r l y   c o l l i n e a r  beams of  comparable 

i n t e n s i t y  from a s i n g l e  beam inc iden t  on i t  nea r   t he  Bragg  angle.  These 

beams were coupled  into  the  waveguide  and  subsequently  resolved  by  the 

geodes i c   l ens ,   a s   s een   i n   F ig .  IV-12b.  The 0.38-mm separa t ion   of   the  

f o c a l   s p o t s  shows t h a t   t h e  two waveguided beams propagated  a t   an  angle   of  

27.6-mrad r e l a t i v e   t o   e a c h   o t h e r .  The i n t e r f e r e n c e   p a t t e r n  formed  by t h e  
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FIGURE  IV- 11. FOCAL  SCAN FOR WAVEGUIDE LENS I.4 
FABRICATED IN PHOTO BROWN^ GLASS. 
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(a) SIMPLE  FOCUSING 

(b) RESOLUTION OF TWO GUIDED BEAMS HAVING AN 
ANGULAR SEPARATION  OF 27.5 MILLIRADIANS 

FIGURE IV- 12.  RESOLUTION TEST OF PYREX LENS L2 (LENS DIAMETER: 9.0 mm) 
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guided beams be fo re   t hey   en te r   t he   l ens   has  a co r re spond ing   spa t i a l  fre- 

quency K = 441 mm and p e r i o d i c i t y  A = 2n/K = 15.3 Pm-. T h i s   p e r i o d i c i t y  

i s  l a rge r   t han   t ha t   o f   t he   g ra t ing   u sed   t o   p roduce   t he  two beams presumably 

because a s l i gh t ly   magn i f i ed  image o f   t h e   g r a t i n g  was p ro jec t ed   on to   t he  

coupl ing  spot .  

-1 

Waveguide l enses  w i l l  be  more u s e f u l   f o r   o p t i c a l   p r o c e s s i n g  as 

they  are a b l e   t o   r e s o l v e   s m a l l e r   s p a t i a l   f r e q u e n c i e s .  As a f u r t h e r  tes t  

o'f t h e   c a p a b i l i t i e s  of l e n s  L2, we placed a 7.9  line/rnm  Ronchi r u l i n g  

i n t o   t h e  laser beam p r i o r   t o   c o u p l i n g  i t  i n t o   t h e   g u i d e .  The r u l i n g  

genera tes  number o f   d i f f r a c t e d  beams t h a t   p r o p a g a t e   a t   a n   a n g l e   o f  5 mrad 

wi th   r e spec t   t o   each   o the r .  When t h e s e  are coupled  into  the  Pyrex wave- 

guide   o f   index   1 .49 ,   the i r   angular   separa t ion  is reduced  to  3.3  mrad,  and 

t h e  minimum s p a t i a l   f r e q u e n c y   a s s o c i a t e d   w i t h   t h e i r   i n t e r f e r e n c e   p a t t e r n  

i s  49.5 m-', cor responding   to  a p e r i o d i c i t y  A = 127 pm. Equation 111- (12) 

sugges t s   t ha t  a l e n s   w i t h   t h e   s p h e r i c a l   a b e r r a t i o n s  measured i n  L2 should 

b e   a b l e   t o   r e s o l v e   t h e s e  beams i f   t h e   i n p u t   a p e r t u r e  i s  reduced  to   3 .5  mm; 

however, t h i s  was not  found t o   b e   t h e  case. While t h e   i n t e n s i t y   d i s t r i b u -  

t i o n  of l i g h t   i n   t h e   f o c a l   p l a n e  of the   l ens   c lear ly   changed  when t h e  

Ronchi r u l i n g  was p l a c e d   i n   t h e  beam, i t  was n o t   p o s s i b l e   t o   r e s o l v e  

i n d i v i d u a l   f o c a l   s p o t s   c o r r e s p o n d i n g   t o   v a r i o u s   o r d e r s   o f   d i f f r a c t i o n .  

Th i s   sugges t s   t ha t   t he   r e so lv ing  power of   l ens  L2 i s  l imi t ed  by 

s c a t t e r i n g .   I n   t h e   c a s e   o f   s i m i l a r   l e n s  L3, w e  found t h a t   s c a t t e r i n g -  

induced windows i n   t h e   f r o n t   f o c a l   p l a n e  had a c h a r a c t e r i s t i c   w i d t h  

6 = 37.5 pm. S i n c e   t h i s   v a l u e  i s  less than   t he  127 pm p e r i o d i c i t y  of t h e  

Ronchi r u l i n g ,  and s i n c e   t h e  windows a r e  randomly o r i e n t e d ,   t h e i r   o v e r a l l  

effect  is  to   sc ramble   the   spa t ia l   in format ion   processed   by   the   l ens .  Con- 

s e q u e n t l y ,   d i s c r e t e   f o c a l   s p o t s   f o r   t h e   v a r i o u s  beams genera ted   by   d i f f rac-  

t i o n   a t   t h e  Ronchi r u l i n g  were not   observed.  

Better success   wi th   th i s   exper iment  was obta ined   us ing   the  

geodes i c   l ens   f ab r i ca t ed   i n  Photobrownm g l a s s .   F i g u r e  IV-13  shows t h e  

i n t e n s i t y   d i s t r i b u t i o n   i n   t h e   b a c k   f o c a l   p l a n e  of t h i s   l e n s  when t h e  7.9 

line/mm  Ronchi r u l i n g  i s  p laced   before   the   input   coupl ing   pr i sm.   Thi r teen  

d i f f r a c t e d   o r d e r s  and the   ze ro   o rde r  are reso lved .  The t a l l e s t   p e a k   c o r r e s -  

ponds to   t he   ze ro   o rde r .   Re la t ive   he igh t s   o f   t he   peaks  are n o t   s i g n i f i c a n t  



FIGURE  IV- 13. RESOLUTION OF 13 DIFFRACTED BEABIS BY PHOTO BROWN^ 
LENS Lk. BEAMS WERE DIFFRACTED AT  A 7.9 line/mm 
RONCHI  RULING AND PROPAGATED AT A RELATIVE ANGLE 
OF 3 . 3  mrad. LENS  FOCAL LENGTH I S  28 mm. 
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because   d i f f e ren t   o rde r s  are c o u p l e d   i n t o   t h e   g u i d e   w i t h   d i f f e r e n t  effici- 

encies. The widths  of the  peaks were l imi ted   by   the  37.5-pm r e s o l u t i o n  of 

t h e   d e t e c t i o n   s y s t e m .   T h i s   r e s o l u t i o n  was de termined   by   the   0 .6-m-s l i t  

w id th   o f   t he   ape r tu re   p l aced   ove r   t he   f i be r   bund le  i n  t h i s   p a r t i c u l a r  

experiment.  The success  we expe r i enced   i n   r e so lv ing   t he   Ronch i - ru l ing  

t r ans fo rm  us ing   t he  Photobrownm l e n s  i s  c o n s i s t e n t   w i t h   t h e   h i g h   q u a l i t y  

o f   t h i s   l e n s  shown by   t he   foca l  scan of  Fig.  I V - 1 1 .  

THEORETICAL  STUDIES  OF  GEODESIC  WAVEGUIDE  LENSES 

Two theo re t i ca l   s tud ie s   o f   t he   p rope r t i e s   o f   geodes i c   wavegu ide  

l enses  were unde r t aken   a s   pa r t   o f   t h i s  program.  These s t u d i e s  were both 

mot iva ted   by   the   exper imenta l   observa t ion   tha t   the   foca l   l engths   o f   our  

l enses  were d i f f e r e n t   t h a n   p r e d i c t e d  by the   conven t iona l   t heo ry ,  (30) which 

ignores   rounding  of   the  lens  r i m  and  assumes tha t   the   shape   of   the   l ens  

depress ion  i s  s p h e r i c a l .  We inves t iga t ed   t he   i n f luence   o f   bo th   a sphe r i ca l  

shaping and r i m  rounding   on   the   foca l   charac t re r i s t ics  of  geodesic  wave- 

guide   l enses .  

r e s p e c t i v e l y .  

(1) 

The resu l t s  a re   conta ined   in   Ref .  (33) and i n  Ref. (40), 
The pr inc ipa l   conc lus ions   a re   the   fo l lowing:  

The small amount of r i m  round ing   r equ i r ed   fo r   e f f ec t ive  
waveguide- t o -   l ens   coup l ing   i nc reases   t he   l ens   foca l  
parameters f o  and f l  by a few t e n t h s  of a percent .  

One-percent   deviat ions  of  a geodes ic   l ens   depress ion  
f r o m   s p h e r i c i t y   c a n   r e s u l t   i n   t e n - p e r c e n t   d e v i a t i o n s  
i n   t h e   p a r a x i a l   f o c a l   l e n g t h  f o  and  one-hundred-percent 
d e v i a t i o n s   i n   t h e   t h i r d - o r d e r   s p h e r i c a l - a b e r r a t i o n  
c o e f f i c i e n t  f 1. 

Shaping a l e n s   d e p r e s s i o n   i n   t h e   f o r m   o f  an o b l a t e  
spheroid i s  a t echn ique   t ha t  may be  used t o   e l i m i n a t e  
th i rd -o rde r   sphe r i ca l   abe r ra t ions   i n   geodes i c   l enses .  

The waveguide th i ckness   i n   t he   r eg ion   o f   an   ob la t e  
sphe ro ida l   l ens  may be   ad jus t ed   t o   e l imina te   bo th  
t h i r d -  and f i f t h - o r d e r   s p h e r i c a l   a b e r r a t i o n s . ,   t h u s  
producing a waveguide   l ens   wi th   d i f f rac t ion-   l imi ted  
performance  over   aper tures   as   large  as  a cent imeter .  

These resu l t s   should   s ign i f icant ly   in f luence   fur ther   deve lopment  of 

geodesic   lens   technology.  
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V. INTEGRATED  OPTICAL DATA PROCESSORS FOR 
NASA  APPLICATIONS 

As  space  missions  and  earth  resource  surveillance  techniques 
become more  sophisticated,  NASA  is  finding  itself in the  position of 

being  able  to  take  more  data  than can be conveniently  transmitted, to 
transmit more data than can be  stored,  and  to  store  more  data  than  can 
be  processed in a  reasonable  length of time.  It  is  evident  that  any 
form of  on-board  data  processing  which can reduce  the  amount of trans- 
mitted  data  without  causing  a loss of significant  information  is  the 
key to  alleviating  all of these  problems.  With  this in mind  meetings 
were  held with NASA  personnel  in  which  several  specific  systems  were 
discussed. From  these  discussions, we conceived  two  distinct  types of 
integrated  optical  data  processors.  The  first  was  a  Fourier-transform 
device  which  is well suited for handling  data  with  a  characteristic 
periodicity.  This  was  suggested  by  discussions of COPE,  the  Carbon 
Monoxide  Pollution  Experiment !2)The second  concept , upon  which  signifi- 
cantly  more  effort  was  expended, was for  a  holographic-subtraction 
device  which  is  capable  of  preprocessing  the  output of a  multichannel  scan- 
ning  system  such  as  the MOCS.(l) Both  these  concepts  will  be  discussed in 
this  section.  Although  the  motivation  for  these  concepts  originated  with 
specific  NASA systems, it  should  be  emphasized  that  the  applicability  of 
the  concepts  is  not  limited  to  these  systems. 

A FOURIER-TRANSFORM  PROCESSOR 

The purpose of.the COPE experiment was to  demonstrate  a  remote 
system  for  the  measurement of the CO atmospheric  burden.  The GO absorp- 
tion  spectrum (Fig.  V-la) in the 2.3 pm to  2.4 pm region  consists of two 
groups of quasi-periodic  absorption  lines.  This  periodicity  immediately 
suggests  that  a  Fourier-transform  system  could  be  used  to  monitor  the 
modulation  amplitude of the  signal and  thereby  determine  the  atmospheric 
concentration of CO. Initial  attempts to design an integrated-optics 
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SUNLIGHT FROM A HIGH-ALTITUDE PLATFORM 

FIGURE V- 1. THE NEAR I R  2-0 ABSORPTION SPECTRUM OF CO. 
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instrument  capable  of  performing  such  a  measurement  presupposed  a  mechanism 
whereby  the  periodic  amplitude  variation  produced by,spectrally dispersing 
light  passing  through  CO  could  be  converted  to  a  phase or amplitude  varia- 
tion  of  a  monochromatic  guided  wave. 

The  concept  of  the  Fourier-transform  spectrum  analyzer  is  illus- 
trated in Fig. V-2. The dispersed  light  is  incident  normally  upon  the 
interaction  region  where it imparts  a  periodic  phase or amplitude  variation 
to the guided  wave  which  mimics  the  amplitude  fluctuations of the  dispersed 
beam. Upon traversing  the  waveguide  lens,  this  periodic  variation  produces 
two side-bands  which can be detected  at  a or b. The  ratio  of  the  signals 
at  a or b  to  the  zero  order  signal  detected by c  is  proportional  to  the 
CO concentration. 

Conceptually,  the  interaction  region  could  consist of a  photo- 
chromic  or  a  photorefractive  material  or  a  photoconducting  layer on an 

electrooptic  waveguide  (Fig. V-3). In fact  the  desired  periodic 
signal  appears  only  as  a  weak  perturb>tion 0n.a very  large  dc  back- 
ground  (Fig.  V-lb). Since  the  available  light  levels  are  very  low,  and 
since  none of the  suggested  interaction  mechanisms  are  very  strong,  the 
implementation  of  this  concept  for  atmospheric  pollution  monitoring  does 
not seem likely.  Attempts  to design a  Fourier-transform  device  with  a 
direct  optical  input  have  therefore  been  suspended in favor of the  multi- 
channel,  holographic  subtraction  device  which  is  discussed  below. 

A ~ MULTICHANNEL .. . HOLOGRAPHIC  COMPARATOR 

Motivation for the  Device 

We  conceived  the  general  idea for the  multichannel  holographic 

comparator  as  a  result  of  discussions  with NASA personnel on the Multi- 
channel  Ocean  Color  Sensor  (MOCS)  system.  This  system,which  is shown 
schematically  in  Fig.  V-4,  presents  data  in  the form of  20 voltages, one 
for  each  of 20 spectral  channels.  The  voltages  representative of spectral 
data  are  presented  in  parallel  and  are  updated  every  millisecond. 
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. S T b  

FIGURE V-2. SCHEMATIC  OF AN INTEGRATED OPTICS FOURIER-TRANSFORM 
SYSTEM  FOR MONITORING THE INTENSITY OF THE CO 2-0 
ABSORPTION SPECTRUM. 
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FIGURE  V-3.  SCHEMATIC OF INTERACTION  REGION  USING A PHOTOCONDUCTIVE 
LAYER TO CONVERT THE  AMPLITUDE DISTRIBUTION I N  THE  INPUT 

AVAILABLE  SIGNAL  LEVELS ARE TOO SMALL FOR THIS SCHEME TO 
BE  PRACTICAL. 

BEAM TO AN INDEX  VARIATION IN THE ELECTROOPTIC WAVEGUIDE. 
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FIGURF: V-4. SCHEMATIC OF THE MULTICHANNEL OCEAN COLOR SENSOR. 
THE OUTPUT I S  A SET OF 20 VOLTAGES, ONE FOR EACH 
SPECTRAL CHANNEL. 

70 



The purpose  of  the MOCS i s  t o   r e c o r d   t h e   s p e c t r a l   c h a r a c t e r i s t i c s  

o f   t h e   l i g h t   r e f l e c t e d   f r o m   t h e   o c e a n   s u r f a c e .  From t h e s e   s p e c t r a l   d a t a  

in fo rma t ion   abou t   t he   concen t r a t ion   o f   p l ank ton ,   po l lu t an t s   o r   o the r  

impur i t i e s   i n   t he   wa te r   can   be   de r ived .  The ma jo r i ty   o f   t he   da t a ,  however, 

i s  ind ica t ive   o f   e s sen t i a l ly   pu re   wa te r   and  i s  t h e r e f o r e   u n i n t e r e s t i n g .  

The purpose  of  the  multichannel  comparator i s  t o   f l a g   t h e   d a t a   i n d i c a t i v e  

of  pure water so  t h a t  it can  immediately  be  discarded.  Thus,   only  the 

i n t e r e s t i n g   d a t a  w i l l  be   t r ansmi t t ed  and subsequent ly   processed.  A m d i -  

f i c a t i o n   o f .   t h e   b a s i c   c o m p a r a t o r  may a l low  the  real-time comparison  of 

t h e  MOCS da t a   w i th  a l a r g e   r e f e r e n c e   l i b r a r y  and the reby   p rov ide   i den t i f i -  

c a t i o n   o f   t h e   i m p u r i t y   s i g n a l   i n   a d d i t i o n   t o   t h e   s i m p l e   i n d i c a t i o n   o f  

depar ture   f rom  the   pure-water   s igna l .  

Technical  Background 

I n   o r d e r   t o   d e s c r i b e   t h e   o p e r a t i o n  of t h e   i n t e g r a t e d   o p t i c a l  

ho lographic   compara tor ,br ie f   d i scuss ions   on   th ree   subjec ts  w i l l  be  neces- 

s a ry .  These sub jec t s   a r e   ho log raph ic   sub t r ac t ion , (6 )   e l ec t roop t  ic i n t r o -  

duct ion  of   information,  and p h o t o r e f r a c t i v i t y .  (21) Fol lowing  the  discus-  
s i o n s   o f   t h e s e   t h r e e   s u b j e c t s   t h e   i n t e g r a t e d   o p t i c s   d e v i c e  w i l l  be 

descr ibed .  

~~ Holographic   Subtract ion 

Op t i ca l   sub t r ac t ion  i s  poss ib l e   because   o f   t he   f ac t   t ha t   t he  

amplitudes  of two superimposed,   mutual ly   polar ized  coherent  beams add 

a l g e b r a i c a l l y .  Thus, i f   the   ampl i tudes   o f  two beams are e q u a l   i n  magni- 

t ude   bu t   d i f f e r   by   (2n  + l ) ~  i n   r e l a t i v e   p h a s e ,   t h e r e  w i l l  be  a l o c a l  

cance l l a t ion .   Th i s  i s ,  fo r   example ,   t he   cause   o f   t he   cen t r a l   da rk   spo t  

i n  a wel l -a l igned  Michelson  interferometer  when t h e   p a t h   l e n g t h   v a r i a t i o n s  

between t h e  arms d i f f e r  by  (2n  +1)A/2. 
Consider now a hologram  produced i n   t h e   c o n v e n t i o n a l  manner 

d e p i c t e d   i n   F i g .  V-5a. As shown i n   F i g .  V-5bY r e c o n s t r u c t i o n   o f   t h i s  

hologram  enables a v iewer   to  see a v i r t u a l  image of t h e   o b j e c t   i n  i t s  

o r i g i n a l   p o s i t i o n .  

7 1  



being 
r i t ten 

(a) THE FORMATION OF THE HOLOGRAM OF A PHASE OBJECT 

perposit ion of reconstruction 
a n d   p h a s e   o b j e c t  

(c) SUPERPOSITION OF OBJECT AND IMAGE. AN APPROPRIATE 
PHASE S H I F T  WILL RESULT I N  THE OBSERVER SEEING 
A DARK FIELD 

FIGURE V-5. THE HOLOGRAPHIC SUBTRACTION  PROCESS. 
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I 

I n   t h e   t h i r d   p a r t   o f   t h e   f i g u r e ,   t h e   s h u t t e r   h a s   b e e n  removed 

f rom  the   s igna l  beam so  t h a t   t h e   v i e w e r  sees bo th   t he   v i r tua l   ob jec t   and ,  

by  looking  through  the  hologram,  the real  o b j e c t   i l l u m i n a t e d   b y   t h e   s i g n a l .  

beam. I f   there   has   been  no change i n   t h e   o b j e c t   o r   i n   t h e   o p t i c a l   s y s t e m  

between  the  hologram  formation  and  this   viewing,   the  observer  w i l l  see an  

object  which i s  b r igh te r   t han   t ha t   wh ich  i s  s e e n   w i t h   e i t h e r  R o r  S beam 

blocked. However, i f  a p h a s e   s h i f t  i s  in t roduced   i n to   one   o f   t he  beams, 

t he   b r igh tness  w i l l  change,   passing  through  one minimum and one maximum 

as  the  introduced  phase  shif t   goes   f rom 0 t o  ~TT.  I n   t h e   s i m p l e s t   c a s e ,  

where   bo th   the   d i rec t  and the   ho log raph ica l ly   r econs t ruc t ed  beams a r e  

plane waves o f   e q u a l   i n t e n s i t y ,   t h e   b r i g h t n e s s   c a n   b e  made to   pas s   t h rough  

zero.   This  i s  r e f e r r e d   t o   a s   h o l o g r a p h i c   s u b t r a c t i o n .  Any region  of   the 

object  which  has  changed  between  the  hologram  formation  and  the  subtraction 

process  w i l l  d i s t o r t   t h e   w a v e f r o n t  and w i l l  produce a b r igh t   spo t   on   t he  

dark  background. (6  1 

Elec t roopt ic   Informat ion   Input  

A convenient way to   in t roduce   in format ion   in to   the   ho logram 

shown i n   F i g .  V-5 i s  t o   c o n t r o l   t h e   i n d e x  of r e f r a c t i o n  of s e l ec t ed   r eg ions  

of  the  "phase  object".  Thus an   e lec t rode   conf igura t ion   such   as   tha t  shown 

i n   F i g .  V-6 i s  capable   o f   in t roducing  10 channels  of  analog  phase  informa- 

t i o n  when i t  i s  e s t ab l i shed   on  a s l a b   o f   e l e c t r o o p t i c   m a t e r i a l   l i k e  LiNbO 

Assume t h a t  a hologram  of t h i s   p h a s e   o b j e c t  was made wi th   vo l t ages  V 

on   t he   e l ec t rodes .   I f   t he   ho log raph ic   sub t r ac t ion   p rocess   o f   F ig .  V-5 were 

now performed,  any  deviation of t he   vo l t ages   f rom  the   o r ig ina l  set would 

in t roduce  a phase  change so t h a t   t h e   s u b t r a c t i o n  would no longer  be  complete 

and a b r i g h t   s p o t   o r  a series o f   b r i g h t   s p o t s  would  appear  on the dark  

f i e l d .  

3' 

l " 'v lo  

P h o t o r e f r a c t i v i t y  

I n   o r d e r   t o   r e c o r d  a hologram i n   e i t h e r  a three   d imens iona l  o r  

a waveguide conf igu ra t ion ,  a pho tosens i t i ve   ma te r i a l  i s  r equ i r ed .   Idea l ly ,  
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Li N b 0 3  CRYSTAL 

FIGURE V-6. ELECTROOPTIC  INFORMATION  INPUT  DEVICE. VOLTAGES 
APPLIED TO ELECTRODES PERTURB THE PHASE OF A LIGJTE 
BEAM PASSING THROUGH  THE CENTER OF THE ELECTROOPTIC 
CRYSTAL. 
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t h i s  material should  undergo  an  index-of-refract ion  change  ra ther   than  an 

op t i ca l   dens i ty   change  as t h e   r e s u l t   o f   o p t i c a l   i r r a d i a t i o n ,  so tha t   ho lo-  

grams w i t h   h i g h   d i f f r a c t i o n   e f f i c i e n c i e s   c a n   b e  written. A material which 

e x h i b i t s   v e r y  low s c a t t e r i n g  i s  a l s o   d e s i r a b l e .   I n   a d d i t i o n ,   f o r   a n   i n t e -  

g ra t ed   op t i c s   dev ice ,   t he  material must  be. c a p a b l e   o f   e x i s t i n g   i n   o r   o n  

the  waveguide,   or   ideal ly ,   actual ly   be  the  waveguiding material. 

C r y s t a l l i n e  Limo3 s a t i s f i e s   a l l  of t h e  above c r i t e r i a .  The 

photoref rac t ive   p rocess  by  which  holograms  can  be  written i n  LiNbO i s  

u n i q u e   t o   p y r o e l e c t r i c   m a t e r i a l s .   S i n c e   t h e   p r o c e s s   h a s   b e e n   d i s c u s s e d  

a t  l e n g t h   i n   t h e   l i t e r a t u r e ,  (21-23) i t  w i l l  o n l y   b e   d e s c r i b e d   q u i t e   b r i e f l y  

here .  

3 

The p h o t o r e f r a c t i v e   p r o c e s s   i n  LiNbO i s  i n i t i a t e d  by the  absorp-  3 
t i o n  o f  a photon  which  promotes  an  electron  from a sha l low  t r ap   i n to   t he  

conduction  band. Once in   t he   conduc t ion   band ,   t he   e l ec t ron  moves, gene ra l ly  

i n   t h e   d i r e c t i o n   o f   t h e   p o s i t i v e  c-axis, u n t i l  i t  i s  re t rapped .  By a 

sequence of success ive  excitationldriftlretrapping even t s ,  a space-charge 

d i s t r i b u t i o n   e v o l v e s   c o r r e s p o n d i n g   t o  an e x c e s s   o f   e l e c t r o n s   i n   d a r k   r e g i o n s  

of   the   c rys ta l .   This   p roduces   an   in te rna l   f ie ld   which ,   v ia .   the   e lec t roopt ic  

e f fec t ,   p roduces   the   des i red   modula t ion   of   the   index   of   re f rac t ion .  

For   the  purposes  of t h i s   d i scuss ion ,   t he   fo l lowing   f ac t s   abou t  

wr i t ing   ho lograms  by   the   photoref rac tLve   e f fec t   in  Limog a r e  impor- 

t a n t .  (21-23) 

0 Jhlograms a r e   b e s t   w r i t t e n  so  t h a t   t h e   g r a t i n g   v e c t o r  

i s  p a r a l l e l   t o   t h e  c-axis. This   requi rement   a f fec ts  

device   l ayout  and conf igu ra t ion .  

0 The p h o t o r e f r a c t i v e   s e n s i t i v i t y  i s  a func t ion   of  

t r a n s i t i o n  metal impur i ty   concent ra t ion  and valence 

s t a t e .  .The s e n s i t i v i t y   c a n   b e  made to   i nc rease   by  

o rde r s  of magni tude   wi th   the   in t roduct ion   of   i ron  

i m p u r i t i e s   i n   t h e   c o n c e n t r a t i o n   r a n g e   1 0   t o   1 0 0 0  ppm. 

Holograms can   be   e rased  by i r r a d i a t i o n   w i t h   t h e  

wri t ing  wavelength,   but  are f a i r l y   s t a b l e   a g a i n s t  

i r rad ia t ion   by   long   wavelength  (i.e. r e d )   r a d i a t i o n .  

Owing t o   t h e   d a r k   c o n d u c t i v i t y   o f   t h e   c r y s t a l ,  
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they  have a f ini te  lifetime, which  ranges  from  minutes 

t o   d a y s  as a func t ion   of   t empera ture  and concen t r a t ion  

and valence of   impur i t ies .  

Holograms may be   f ixed   by   appropr ia te   thermal  t reat-  

ments so  t h a t   t h e y  are s t a b l e   f o r   i n d e f i n i t e   p e r i o d s .  

Holograms c a n   b e   w r i t t e n   i n  a LiNbO waveguide  with 

h i g h   d i f f r a c t i o n   e f f i c i e n c i e s .  
3 

The Integrated  Optics  Holographic  Comparator  Concept 

The t echn iques   o f   i n t eg ra t ed   op t i c s  w i l l  a l l o w   a l l   o f   t h e  con- 

c e p t s   d i s c u s s e d   i n   t h e   p r e c e d i n g   s e c t i o n   t o   b e   u t i l i z e d   i n  a compact, r i g i d  

structure  capable  of  comparing a m u l t i p l i c i t y   o f   p a r a l l e l   a n a l o g   i n p u t s   t o  

a s tandard  set  a t   e x c e e d i n g l y   h i g h   d a t a   r a t e s .  We f i r s t   p r e s e n t  a s t r a i g h t -  

fo rward   ve r s ion   o f   t h i s   dev ice .   In   t he   fo l lowing   s ec t ion  we w i l l  d i s cuss  

some of   the  system  considerat ions  which will i n f l u e n c e   t h e   f i n a l   d e s i g n  

choice.  

A schematic   of   one  configurat ion  of   the  comparator  i s  shown i n  

Fig.  V - 7 .  The waveguide i s  an   ou td i f fused   layer   on   the   sur face   o f  a Y-cut 

Limo3 s lab .   L ight  i s  c o u p l e d   i n   v i a  a g ra t ing   coup le r ,  and s p l i t   i n t o  

two beams by a g r a t i n g  beam s p l i t t e r .  The s i g n a l  beam passes   under  a 

set  of   e lec t rodes   which ,   v ia   the   e lec t roopt ic   e f fec t ,   impress  a s i g n a l  

p a t t e r n  upon the  guided wave. The r e fe rence  beam passes  between two 

electrodes  which,  when energized,   impart  a s u i t a b l e   p h a s e   s h i f t   t o   t h e  

re ference  beam. The two beams t h e n   i n t e r s e c t   i n   t h e  hologram  region. 

In   o rde r   t o   u se   t he   dev ice ,  a se t  of   re fe rence   vo l tages  is  

app l i ed   t o   t he   da t a - inpu t   e l ec t rodes .  I n  t h e  MOCS a p p l i c a t i o n ,   t h e s e  

vo l t ages  would be   those   cor responding   to   the   c lear   water   spec t rum.  A 

hologram i s  then  made us ing   the   index-of - re f rac t ion   pa t te rn   induced   by  

t h i s  set of   vo l tages   as   the   ob jec t .   This   ho logram i s  made i n   s u c h  a way 

a s   t o   be   s t ab le   ove r  some predetermined time period.  Now, an   appropr ia te  

p h a s e   s h i f t  i s  in t roduced   i n to   t he   r e f e rence  beam and vol tages   representa-  

t i v e   o f   t h e  unknown d a t a  set are   impressed upon t h e   e l e c t r o d e s .   I f   t h e y  

a r e   i d e n t i c a l   t o   t h e   r e f e r e n c e  se t ,  t he   ho log raph ic   sub t r ac t ion   p rocess  
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SPECTRAL  SIGNATURE TOTAL-INTERNAL- 
INPUTS REFLECTION  MIRROR 

LiNbOB WAVEGUIDE 

SPLllTER 

ELECTRO- TOTAL- INTERNAL- 
OPT1 C REFLECTION  MIRROR 
PHASE 
SHIFTER 

FIGURE V-7. SCHEMATIC OF ONE CONFIGURATION O F  THE  INTEGRATED 
OPTICS HOLOGRAPHIC COMPARATOR. 



e n s u r e s   t h a t   n o   l i g h t   r e a c h e s   t h e   d e t e c t o r .  I f  t h e   d a t a  do not  match 

t h e   r e f e r e n c e  set, l i g h t   a r r i v e s   a t   t h e   d e t e c t o r   i n   p r o p o r t T o n   t o   t h e  

mismatch.  Thus, a s imple   d i sc r imina to r   a t   t he   de t ec to r   ou tpu t   can   be  

set to   f l ag   da t a   wh ich   exceed  a predetermined  degree  of  mismatch so t h a t  

t h i s   d a t a   c a n   b e   t r a n s m i t t e d   o r   s t o r e d   f o r   f u r t h e r   a n a l y s i s .  

An in te res t ing   modi f ica t ion   of   the   sys tem  d i f fe rs   f rom  the  

p rev ious   des ign   on ly   i n   t he   add i t ion   o f  a second set o f   e l e c t r o d e s ,   i d e n t i -  

c a l  t o   t h e  f i r s t  set and loca ted   ove r   t he   s igna l  beam between  the f i r s t  

set  of   e lectrodes  and  the  hologram  region.  The reference  hologram i s  

made wi th  no vol tages   on   any   of   the   e lec t rodes .  It the re fo re   con ta ins  

only   in format ion   about   the   var ious   op t ica l   imperfec t ions   in   the   sys tem.  

Dur ing   the   subt rac t ion   s teps   these   imperfec t ions  will be  compensated f o r  

s ince   t hey  have  been wr i t ten   in to   the   ho logram.  

To u s e   t h i s   m o d i f i c a t i o n   o f   t h e   d e v i c e ,   t h e   d a t a   v o l t a g e s   a r e  

impressed upon t h e  f irst  e l e c t r o d e  set ,  and a negat ive  set of   re fe rence  

vo l t ages  are impressed  upon  the  second  electrode set .  I f   t h e  two sets 

a r e   e q u a l   i n   m a g n i t u d e   b u t   o p p o s i t e   i n   s i g n ,   t h e r e  w i l l ,  a t  least  t o   z e r o  

order ,   be  a comple t e   cance l l a t ion   o f   t he i r   r e spec t ive  effects upon t h e  

wave f r o n t .   I f  a l i b r a r y   o f   r e f e r e n c e   v o l t a g e s   e x i s t s ,  i t  should  be 

p o s s i b l e   t o   c y c l e   t h r o u g h   t h e   e n t i r e   l i b r a r y  of  say, 10 t o  10 r e fe rence  

sets dur ing  10 sec t o   f i n d  a b e s t   f i t   t o   t h e  unknown se t .  Thus, t h e  

d e v i c e   h a s   t h e   p o t e n t i a l   o f   b e i n g   a b l e   t o   i d e n t i f y  as well as f l a g  

i n t e r e s t i n g   d a t a .  

3 4 
- 3  
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V I .  PRELIMINARY  STUDIES OF T h  INTEGRATED 
OPTICS HOLOGRAPHIC SUBTRACTION  SYSTEM 

The basic   concepts   necessary  to   understand  the  operat ion of an  

in t eg ra t ed   op t i c s   da t a -p rocess ing   sys t em  u ' t i l i z ing   ho log raph ic   sub t r ac t ion  

were p resen ted   i n   t he   p reced ing   s ec t ion .   In   t h i s   s ec t ion  w e  w i l l  f irst  

p resen t  and b r i e f l y   d e s c r i b e  a var ie ty   of   configurat ions  in   which  such a 

system may be b u i l t .   I n   o r d e r   t o  make a n   i n t e l l i g e n t   c h o i c e  among these  

conf igu ra t ions ,  one  must  be a b l e   t o   b o t h   p r e d i c t   t h e   f a b r i c a t i o n   p r o c e d u r e s .  

and t o   e s t i m a t e   t h e   u l t i m a t e   o p e r a t i n g   c h a r a c t e r i s t i c s .   T h i s   c a n   b e  done 

on ly   a f t e r   t he   accumula t ion   o f   s ign i f i can t   expe r imen ta l  and t h e o r e t i c a l  

background  and  experience.  This  must  include  knowledge  of  relevant material 

proper t ies ,   theory   o f   ho lography,   e f fec ts   o f   device   s t ruc tures  upon  guided 

wave p r o p e r t i e s ,  component charac te r iza t ion   and  a hos t   o f   f ab r i ca t ion  

techniques.  

As  t h e   u l t i m a t e   u t i l i t y  of the holographic-subt rac t ion   technique  

became increas ingly   apparent ,   the   mot iva t ion   for   accumula t ing   th i s   back-  

ground became  more compe l l ing .   In   pa r t i cu la r ,  two areas were s e l e c t e d   f o r  

i n i t i a l  emphasis  since  they  impact  strongly upon t h e   f e a s i b i l i t y   o f   t h e  

holographic-subtract ion  device  and  they  have  not   previously  been  the  sub-  

j ec t s   o f   de t a i l ed   s tudy .  The f i r s t  of t hese   a r eas  i s  t h a t  of the  formation 

of  waveguide  holograms i n   a n   o p t i c a l l y   s t a b l e   c o n f i g u r a t i o n .   S e v e r a l   a p -  

proaches  to   this   problem w i l l  be   discussed,  two of which  have  yielded 

encouraging   pre l iminary   resu l t s .  The second  major   area  has   to  do w i t h   t h e  

d e t a i l s  of t he   ho log raph ic - sub t r ac t ion   p rocess .  It i n c l u d e s   t h e o r e t i c a l  

s t u d i e s  of t h e   e f f e c t s   o f   e l e c t r o d e   s t r u c t u r e  and   exper imenta l   s tud ies   o f  

e l e c t r o d e   f a b r i c a t i o n  and   ho lographic   subt rac t ion   in  a waveguide.  These 

a re   a l so   d i scussed   be low.  The d e t a i l s  of the   photo l i thographic   t echniques  

app l i ed   t o   t he   p roduc t ion   o f  metal p a t t e r n s  on LiNbO is  d i s c u s s e d   i n   t h e  

Appendix. 
3 
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ALTERNATIVE CONFIGURATIONS FOR AN INTEGRATED 
OPTICAL  HOL0GRA.PHIC  SUBTRACTION SYSTEM 

A b a s i c   p a r t  of a n   i n t e g r a t e d  holograph’ic-subtraction system 

l i k e   t h a t  shown i n   F i g .  V-7 is  a waveguide  interferometer.  As i n   t h e   c a s e  

of i t s  three-d imens iona l   counterpar t ,   the   in te r fe rometer   d iv ides  a beam of 

l i g h t   i n t o  two p a r t s   t h a t   p r o p a g a t e   a l o n g   d i s t i n c t   b u t   i n t e r s e c t i n g   o p t i c a l  

pa ths .   I f   the   coherence   l ength   o f   the  beam i s  s u f f i c i e n t l y   l o n g ,   t h e  

v a r i e t y  of o p t i c a l   p a t h s   t h a t  may be  employed for   an   in tegra ted   ho lographic-  

subt rac t ion   sys tem is unl imi ted .  However, p r a c t i c a l   c o n s i d e r a t i o n s   a s s o c i -  

a ted   wi th  component f a b r i c a t i o n  may seve re ly  l i m i t  t hose   cho ices   fo r  which 

the   s igna l - to -no i se   cha rac t e r i s t i c s   o f   t he   sys t em  a re   accep tab le .  

F igures  V I - 1  and V I - 2  show a v a r i e t y   o f  waveguide in t e r f e romete r  

c o n f i g u r a t i o n s   t h a t  are cand ida te s   fo r   u se   w i th  a ho lographic-subt rac t ion  

processor .  The c o n f i g u r a t i o n s   d i f f e r   f r o m   e a c h   o t h e r   i n  one o r  more of 

the   fo l lowing   respec ts :  

(1) The method  used t o   s p l i t  a beam i n t o  two p a r t s .  

(2 )  The method  used t o  recombine beams a t  the  hologram. 

(3 )  The ang le  a t  which beams a r e  recombined a t  t h e  

hologram. 

( 4 )  The r e l a t i v e   l e n g t h s   o f   t h e  two arms of   the  

in t e r f e romete r .  

(5) The amount of   space   ava i lab le   for  component f a b r i c a t i o n .  

Choice  of  the optimum waveguide in t e r f e romete r   fo r   u se   w i th  a 

pract ical   holographic-subtract ion  system  must  be  based on experiments 

t ha t   add res s   t hese   d i f f e rences  and t h e i r   r e l a t i v e   e f f e c t s  on the   s ens i -  

t i v i t y  of the   ho lographic-subt rac t ion   process .  

THEORETICAL AND EXPERIMENTAL TECHNIQUES 
AND RESULTS 

Waveguides  and Pho to re f r ac t ive   E f fec t s  

Due t o   t h e   e x t r e m e   s e n s i t i v i t y  of   the  holographic   subtract ion 

process it i s  n e c e s s a r y   t h a t   t h e   l i g h t  beams undergo  no  spurious  phase 
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( a )  TRIANGULAR  INTERFEROMETER 

B W I  
S P L I ~  

L I Z m 0 D E . S  

" x m o a  

1 u u  I 

(b) MACH- ZEHNDER INTERFEROMETER 

( c )  MODIFIED MACH-ZEHNDER INTERFEROMETER 

FIGURE V I - 1 .  WAVEXTJIDE INTERFEROMETER  CONFIGURATIONS FOR A 
HOLOGRAPHIC-SUBTRACTION  PROCESSOR. 
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(a) LENS  INTERFEROMETER 

(b) TOTAL- INTERNAL- REFLECTION INTERFEROMETER 

(c) CHANNEL-GUIDE  CONFIGURATION 

FIGURE  VI-2.  MORE WAVEGUIDE INTERFEROMETER  CONFIGURATIONS  FOR 
A  HOLOGRAPHIC-SUBTRACTION  PROCESSOR. 
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s h i f t s   o v e r  any po r t ion   o f   t he i r   pa ths   be tween   t he  beam s p l i t t e r  and t h e  

hologram  dur ing   readout .   In   par t icu lar  it i s  e s s e n t i a l   t h a t   t h e  waveguide 

n o t   e x h i b i t   d e t e c t a b l e   p h o t o r e f r a c t i v e   e f f e c t s  a t  the   op t ica l   wavelength  

and in t ens i ty   u sed   t o   ope ra t e   t he   dev ice .  The degree of material s t a b i l i t y  

r equ i r ed   can   be   apprec i a t ed   f rom  the   f ac t   t ha t ,   f o r  a two cent imeter   op t i -  

c a l  path,   an  average  index-of-refrac.t ion  change  of 1.6 x 10 w i l l  r e s u l t  

i n  a n/lO p h a s e   s h i f t   f o r   r e d   l i g h t .  

-6 

I n i t i a l l y ,  w e  wrote   ho lographic   d i f f rac t ion   gra t ings   by   ' in te r -  

f e r i n g  two guided  waves in   i ron-and  t i tanium-infused  waveguides .   Diffrac-  

t i o n   e f f i c i e n c i e s  and w r i t i n g   e f f i c i e n c i e s  were good b u t   t h e   d i f f r a c t e d  

beam e x h i b i t e d   i n s t a b i l i t i e s  which were d u e   t o   p h o t o r e f r a c t i v e   e f f e c t s  

a long   the   l ength   o f   the  beam i n   t h e  waveguide.  Three  additional  approaches 

t o   w r i t i n g   g r a t i n g s   i n  waveguides were inves t iga t ed   i n   an   a t t empt   t o   ove r -  

come t h i s  problem.  These  approaches  are  discussed  below. 

Use of   an  Outdiffused Waveguide 

It i s  known t h a t   t h e   p h o t o r e f r a c t i v e   s e n s i t i v i t y   o f   p u r e  LiNbO 3 

is  very low. It was t h e r e f o r e   r e a s o n e d   t h a t   i f  one  could wri te  a g r a t i n g  

with  high  intensi ty   l ight ,   the   waveguide-grat ing  combinat ion would  be 

s t a b l e   a g a i n s t   o p t i c a l  damage by low i n t e n s i t y   r e a d  beams. The ma jo r   d i f -  

f i c u l t y   e n c o u n t e r e d   i n   t h i s   a p p r o a c h  was t h a t   o n l y   v e r y   i n e f f i c i e n t  (low 

d i f f r a c t i o n   e f f i c i e n c y )   g r a t i n g s   c o u l d   b e   w r i t t e n .  

I ron   Spot   in   an   Outd i f fused  Waveguide 

An i d e a l   s i t u a t i o n  is  one in   wh ich   t he   g ra t ing   r eg ion   has  a much 

h i g h e r   p h o t o r e f r a c t i v e   s e n s i t i v i t y   t h a n   t h e   r e s t   o f   t h e   w a v e g u i d e .   T h i s  

s i t u a t i o n  was r e a l i z e d  by d i f f u s i n g  a small (10 mm x 3 nun) i r o n   s p o t   i n   a n  

outd i f fused   gu ide .   This   p roduced   ou ts tanding   resu l t s   in   tha t  a s t a b l e  

g r a t i n g   w i t h   d i f f r a c t i o n   e f f i c i e n c y  of g r e a t e r   t h a n  60% was w r i t t e n   i n  the 

iron-doped  region  using a He-Ne laser. The g r a t i n g  w a s  read .   ou t   for  a 

per iod   of   severa l   days   wi th  no obvious  degradat ion  of   grat ing  or   waveguide.  
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No a t tempt  was made t o   f i x  this g r a t i n g ,   b u t   n o   d i f f i c u l t i e s  are a n t i c i -  

pated  other   than  those  associated  with  the  mechanical   problems  of   heat ing 

the  waveguide-coupler  combination. This method  would therefore   be   very  

s u i t a b l e   f o r   s i t u a t i o n s   i n   w h i c h  a s ingle   holographic   e lement  had t o   b e  

w r i t t e n   i n  a g i v e n   L i m o   s l a b .  3 

Mult iphoton   Photoref rac t iv i tv  

Al though  the   l inear   photoref rac t ive   p rocess  is  an  exceedingly 

u s e f u l   e f f e c t ,  it does  have ce r t a in   d i sadvan tages .  The most  troublesome 

of   these   a re   re la ted   to   the   format ion   of   severa l   ho lograms on a s i n g l e  

subs t r a t e   o r   t he   fo rma t ion   o f   f i xed   t h i ck 'ho log rams ,   e spec ia l ly  of  complex 

ob jec t s .  The l a t t e r  problem  stems  from  the  fact  that  the material  i s  

a lways   sens i t ive   to   the   wr i t ing   wavelength   even   i f   the   ho logram  has   been  

thermally  f ixed.  -Thus , even i f  low i n t e n s i t y  beams a re   u sed ,  some degrada- 

t ion  in   performance may occur.  Even i f  a s t a b l e  s ta te  is  achieved ,   the  

thermal   f ix ing   process  i s  very   inconvenient   in  a complex  device  since com- 

ponents  must  be  formed  one a t  a time, bu t   l oca l   hea t ing  of LiNbO w i l l  

cause i t  t o   f r a c t u r e  and gene ra l   hea t ing  w i l l  a l t e r   p r e v i o u s l y   w r i t t e n  

s t r u c t u r e s .  

3 

What is .obviously  needed i s  a method f o r   w r i t i n g  a permanent 

hologram  which w i l l  not  be damaged by subsequen t   l i gh t .  One opt ion  i s  t o  

w r i t e   w i t h  a su i tab le   shor t   wavelength   and   read   wi th  a longer  wavelength 

f o r  wh ich   t he   pho to re f r ac t ive   s ens i t i v i ty  i s  n e g l i g i b l e .  The problem  here 

i s  t h a t   f o r  any b u t   t h e   s i m p l e s t  plane-wave grating,  these  holograms  must 

be   read   wi th   the   l igh t   having   the  same wavelength as t h e   w r i t i n g   l i g h t .  
A s o l u t i o n   t o   t h i s  problem is  presented  by the   r ecen t ly   d i scove red  

n o n l i n e a r   p h o t o r e f r a c t i v e   e f f e c t .   I n  a recent   paper  i t  was demonstrated by 

D. von der  Linde, A .  M. Glass, and K. F. Rodgers (46) t h a t  i s  p o s s i b l e   t o  

use  a two-pho ton   abso rp t ion   t o   i n i t i a t e   t he   pho to re f r ac t ive   p rocess   i n  

undoped Limo3. By choosing a wavelength 1 such  that   hc/h is less than  the 

bandgap bu t   2hc /~   exceeds   t he   bandgap  i t  i s  p o s s i b l e   t o   u s e   s h o r t   i n t e n s e  

p u l s e s   t o  write a grat ing  which i s  e s sen t i a l ly   imperv ious   t o   l ow- in t ens i ty  

cont inuous   rad ia t ion  a t  the   wr i t ing   wavelength .   This  i s  accomplished by 
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u s i n g   s u f f i c i e n t l y   h i g h   i n t e n s i t i e s  (> l o6  watts/cm ) t h a t   t h e   p r o b a b i l i t y  

of a two-photon abso rp t ion  becomes s i g n i f i c a n t .  The g r a t i n g ,   o r  complex 

hologram,  has   the  opt ical   propert ies   of  a gra t ing   wr i t ten   wi th   wavelength  h 

even  though  energies   associated  with  the  wavelength  h/2 are used t o   e x c - i t e  

t he   t r apped   e l ec t rons .  This is  an   impor tan t   fabr ica t ion   technique   for  

several reasons: 

2 

0 The  hologram w r i t t e n   w i t h  a h igh   i n t ens i ty   pu l se   o f  

l i g h t  a t  0.6328 pm from,  for  example, a f lashlamp pumped 

dye   l a se r ,   has   t he   op t i ca l   p rope r t i e s   a s soc ia t ed   w i th   0 .6328ym 

even  though  the two photon  energy  which is  r e q u i r e d   t o  

excite a n   e l e c t r o n  from a t r a p  i s  t h a t   a s s o c i a t e d   w i t h  

l i gh t   o f   ha l f   t he   wr i t i ng   wave leng th ,  i . e .  , 0.3164.pm. 

Even a complex g r a t i n g  formed i n   t h i s  manner  can  be  read 

o u t   e f f i c i e n t l y   w i t h  a low-power He-Ne l a se r   w i th   no   ' r i sk  

of f u r t h e r   p h o t o r e f r a c t i v e   e f f e c t s .  

0 A localized  long-lived  holqgram c.an be   wr i t t en  on a 

given  region  of a c r y s t a l   w i t h o u t   h e a t i n g   o r   i n   a n y  

o t h e r  way d is turb ing   the   remainder   o f   the   c rys ta l .  

0 W r i t i n g   e f f i c i e n c i e s  may be  considerably  higher   than 

for   ho lograms  wr i t ten   us ing   shor t -wavelength   l inear  

processes .  

0 Local   e rasure  by i r r ad ia t ion   w i th   sho r t   wave leng th  

l i g h t  i s  poss ib l e .  

To exp lo re   t he   non l inea r   t echn ique   and   t o   ve r i fy   t he   r e su l t s  of 

Ref.  46, we performed several experiments  using a Chromatix Nd:YAG laser 

as a source   o f   i n t ense   cohe ren t   l i gh t   pu l se s   bo th  a t  0.53 pm, and  0.659 pm. 

Success a t  the  longer   wavelength was p a r t i c u l a r l y   r e l e v a n t   s i n c e  i t  ex- 
ceeds   the  He-Ne wavelength   and   therefore   ind ica tes   tha t   the   tworphoton  

wr i t ing   p rocess   can   be   used   to   p roduce   gra t ings   usable   wi th   th i s  laser. 

In  Fig.  V I - 3  we show a log - log   p lo t   o f   Adpu l se  vs peak power d e n s i t y   f o r  

a g r a t i n g   w r i t t e n   i n   b u l k  LiNbO w i t h   l i g h t   o f  h = 0.659 ym. The s lope   o f  

t h i s   l i n e  is  c l o s e   t o  2 ,  confirming the two-photon  process. The d a t a  are 

c o n s i s t e n t  w i t h  those  of  Ref .  46. 

3 
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I n   a d d i t i o n   t o  the bulk  measurements, we have  used  the same laser 

t o  write g r a t i n g s   b y   i n t e r f e r i n g  two guided waves i n   a n   o u t d i f f u s e d  wave- 

gu ide   i n  undoped Limo3. The success   of   these  experiments   gives   us  every 

reason   t o   be l i eve   t ha t   t he   two-pho ton   pho to re f r ac t ive   e f f ec t  w i l l  provide a 

v a l u a b l e   t o o l   f o r  the f a b r i c a t i o n   o f   i n t e g r a t e d   o p t i c s  components i n  LiNbO 
3' 

Holographic   Subt rac t ion   and   Elec t rode   S t ruc tures  

Conventional-   Holographic  Subtraction 

Experiments  on  bulk  holographic  subtraction were i n i t i a t e d   i n  

o r d e r   t o  have a convenient  way to   v i sua l i ze   t he   pe r fo rmance   o f   va r ious  

system  components  and  configurations. The experimental   arrangement i s  

the   s tandard   .ho lographic   conf igura t ion  shown in   F ig .  VI - ' 4 .  Holop rams 

were recorded  in   both  high-resolut ion  f i lm  and LiNbO s l a b s .  3 
An i n i t i a l   e l e c t r o d e   d e s i g n  is  shown i n   t h e   i n s e r t   o f   F i g .  VI-4. 

For   the   p re l iminary   exper iments   th i s   pa t te rn  w a s  t r ans fe r r ed   pho to l i t ho -  

graphica l ly   on to  a g l a s s   subs t r a t e .   Subsequen t ly ,   t he   pa t t e rn  w a s  t r a n s -  

f e r r e d   t o  a LiNbO s l a b  so  t h e   s e n s i t i v i t y   o f  the holographic 

p r o c e s s   t o   e l e c t r o o p t i c a l l y   i n d u c e d   p h a s e   s h i f t s   c o u l d   b e   s t u d i e d  (see 

Fig.  V-6).  However, only  very  preliminary  measurements  have  been made t o  

d a t e .  

3 

Holographic - S u b t r a c t i o n   i n  Waveguides 

One of   the  most   important   resul ts   of   the   current   work vas t he  

successfu l   demonst ra t ion   o f   ho lographic   subt rac t ion   us ing  a waveguide 

grating.  With  unfocused beams, e x t i n c t i o n   r a t i o s  of 50 t o  1 were observed. 

Th i s   demons t r a t ed   ou r   ab i l i t y   t o  make waveguide  holograms  of s u f f i c i e n t  

q u a l i t y   t o   b e   u s e d   i n  a l abora to ry  model  of t he   da t a   p rep rocesso r .  

The waveguide  used i n   t h e   s u b t r a c t i o n   e x p e r i m e n t  was the   ou t -  

d i f fused   waveguide   wi th   the   i ron   spot   d i scussed   above .  The 1a.boratory 

arrangement w a s  t h a t   i l l u s t r a t e d   i n   F i g .  VI-5. The ho lograph ic   g ra t ing  

w a s  wr i t ten   in   the   waveguide   by   in te rsec t ing  two guided beams from a He-Ne 
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l a s e r  (A = 0 .633  pm). A f t e r   r e c o r d i n g   t h e   g r a t i n g s ,   t h e   i n t e n s i t y   o f   t h e  

He-Ne beam was r educed   t o   min imize   fu r the r   wr i t i ng   o r   e r a s ing   ac t ion .  

Holographic   subt rac t ion  was observed  by  monitor ing  e i ther   one  of   the two 

coupled-out  beams. The t o t a l  power in   each   coupled-out  beam was the  sum of 

the   s t r a igh t - th rough  component (zero   o rder )  and t h e   1 s t - o r d e r   d i f f r a c t e d  

component f rom  the  opposi te  beam. To achieve   ho lographic   subt rac t ion ,  a 

IT phase   d i f fe rence  was in t roduced   i n to   t he   s t r a igh t - th rough  beam by   a f fec t -  

i n g  .a small,  change i n   t h e  beam path  length.   This  change was introduced by 

a small t r a n s l a t i o n   o f   t h e   m i r r o r  mounted  on t h e   p i e z o e l e c t r i c   d r i v e r .  To 

f u r t h e r   o p t i m i z e   t h e   e x t i n c t i o n   r a t i o ,   t h e   s t r a i g h t - t h r o u g h  beam was aper- 

t u r e d   t o   r e d u c e  i t s  w i d t h   t o   t h a t  of t h e   1 s t - o r d e r   d i f f r a c t e d  be-am. The 

r educed   s i ze   o f   t he   d i f f r ac t ed  beam occurs   because   the   g ra t ing  was w r i t t e n  

w i t h   l a s e r  beams hav ing   nonun i fo rm  in t ens i ty   d i s t r ibu t ions .  As a r e s u l t  

t h e   d i f f r a c t i o n   e f f i c i e n c y   o f   t h e   g r a t i n g   v a r i e s   a p p r e c i a b l y   o v e r  i t s  f u l l  

width.  As previous ly   no ted ,  an e x t i n c t i o n   r a t i o   o f  50:l  i s  produced  with 

t h e  above  approach. 

E lec t rode   D i f f r ac t ion   E f fec t s  

Among t h e  most convenient   methods  for   introducing  information on 

a l i g h t  beam i n  a LiNbO waveguide  are  those  which  employ  the  electrooptic 

e f f e c t .  A v a r i e t y   o f   e l e c t r o d e   c o n f i g u r a t i o n s  may be  devised  which  are 

s u i t a b l e   f o r   u s e   w i t h   d i g i t a l   d a t a   o r   w i t h   t h e   o u t p u t   o f  a mult ichannel  

device.  A knowledge  and unde r s t and ing   o f   t he   e f f ec t s   o f   t he   e l ec t rode  

s t r u c t u r e  upon t h e   s i g n a l  beam a r e   r e q u i r e d   f o r   a l l   s t u d i e s   o f   p o s s i b l e  

data-processing  systems.  The d e s i r e d   e f f e c t  i s  the  impression  of  a phase 

s h i f t ,   p r o p o r t i o n a l   t o   t h e   s i g n a l   v o l t a g e   f o r  a channel ,   on   the   por t ion  

of   the beam assoc ia t ed   w i th   t he   channe l .   Undes i r ab le   e f f ec t s   i nc lude  

a t t enua t ion   o f   t he   s igna l  beam by the   e lec t rode   s t ruc ture ,   spur ious   phase  

s h i f t s   i n t r o d u c e d   b y   t h e   s t r u c t u r e ,  and d i f f r a c t i o n   o f   l i g h t   i n t o   o t h e r  

s igna l   channels .  The presence  of  some a t t e n u a t i o n  i s  to le rab le ,   bu t   any  

va r i a t ion   i n   a t t enua t ion   f rom  one   channe l   t o   ano the r  will in t roduce   d i f -  

f rac t ion .   Cons tan t   phase   sh i f t s ,   a l though  spur ious ,   in   themselves   should  

n o t   c a u s e   p r o b l e m s ;   h o w e v e r ,   s p a t i a l   v a r i a t i o n s   i n   t h e s e   s h i f t s  w i l l  a l s o  
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r e s u l t  in  d i f f r a c t i o n .  Thus,   the   pr imary  undesirable  effects can a l l  be 

d e s c r i b e d   i n  terms o f   d i f f r a c t i o n  a t  the e l e c t r o d e   s t r u c t u r e .  

L igh t   p ropaga t ion   i n   t he   r eg ion   o f   t he  waveguide i n  which  an 

e l e c t r o d e   s t r u c t u r e  i s  loca ted  i s  a l t e r e d   b o t h   b y   t h e   s t r u c t u r e  and  by 

the  vol tages   impressed  upon it. The vol tages   impressed   on   the   e lec t rodes  

induce, v ia  t h e   e l e c t r o o p t i c   e f f e c t , .   c h a n g e s   i n   t h e   b u l k   r e f r a c t i v e   i n d e x  

of  the  waveguiding medium which in   t u rn   cause   changes  i n  t h e   e f f e c t i v e  

index   of   re f rac t ion   of   the   gu ided  mode. These  index  changes  cause  phase 

s h i f t s   i n   t h e   l i g h t  beams pass ing   t h rough   t he   a f f ec t ed   r eg ions .  The phase 

s h i f t s  so produced are t h e   d e s i r e d  effects of   the   e lec t rodes- the   in t ro-  

duc t ion   o f   i n fo rma t ion   on to   t he   op t i ca l  beam. These  phase s h i f t s  w i l l  n o t ,  

i n   g e n e r a l ,  be   of   ideal   form-uniform  in   the  e lectrode  region and zero 

o u t s i d e  of th i s   reg ion-because   they  w i l l  t yp ica l ly   be   i n f luenced   by  

f r i n g i n g - f i e l d   e f f e c t s ,  and f r i n g i n g   f i e l d s  are never  uniform. The elec- 

t rodes  themselves   introduce a phase   sh i f t   on  a l i g h t  beam passing  under  

them because   the  metal o f   t he   e l ec t rodes  is- sampled t o  some ex ten t   by   t he  

evanescent "tail" of   the  guided wave. Th i s   changes   t he   e f f ec t ive   r e f r ac -  

t i ve   i ndex   o f   t he  guided-wave mode,  and produces a p h a s e   s h i f t   t h a t  w i l l  be  

n e a r l y   i d e a l   i n   t h e   s e n s e   t h a t  i t  vanishes   abrupt ly  a t  the  edge  of   each 

e l ec t rode .  

These  phase s h i f t s ,   w h a t e v e r   t h e i r   o r i g i n ,  are s p a t i a l l y   l i m i t e d  

i n   e x t e n t   t o   w i d t h s   o f . r o u g h l y  10-100  wavelengths.  Consequently,  diffrac- 

t i o n   e f f e c t s  w i l l  be   important .   These  effects  w i l l  i n f luence   t he   ope ra t ion  

o f   t he   p rocesso r   i n   t h ree  ways: 1) they  w i l l  a f f e c t   t h e   e f f i c i e n c y   o f   t h e  

e lec t rodes   in   impress ing   the   des i red   in format ion   on   the   gu ided  beam; 

2 )  t hey  w i l l  affect  t h e   o p e r a t i o n  of the   ho log raph ic   sub t r ac t ion   p rocess ;  

3) they  w i l l  l i m i t  t h e   e x t i n c t i o n   r a t i o   o b t a i n a b l e .   I n   t h e   f o l l o w i n g  

paragraphs  these effects w i l l  be   discussed,  and some analyses  based  on 

s imple  models   of   the   complicated  physical   s i tuat ion w i l l  be   p resented .  

Electrode  Operat ion.  A por t ion   o f   one   e l ec t rode   s t ruc tu re   t ha t  

may f i n d   u s e   i n   a n   i n t e g r a t e d   o p t i c a l  holographical-subtraction processor  

i s  p i c t u r e d   s c h e m a t i c a l l y   i n   F i g .  VI-6. Three  rays  ar.e i n d i c a t e d   i n   t h e  
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FIGURE VI-6. EFFECTS  OF ELECTRODE  STRUCTURF. ON WAVEGUIDED LIGHT. 
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f i g u r e .  Ray "A" passes   through  the  r ight-hand set  o f   e l e c t r o d e s   i n   t h e  

same channe l   t ha t  i t  t r ave r sed   t he   l e f t -hand  set. Hence, it con ta ins   t he  

des i red   phase   in format ion .  Ray "B" passes   under  an e l e c t r o d e  and through 

pa r t   o f  an  adjacent.  channel.  Since it rece ives  i t s  modulation  from two 

d i f f e r e n t   c h a n n e l s ,  it c o n t r i b u t e s   t o   c r o s s t a l k .  Ray "C" does  not  pass 

through  an  adjacent  channel,   but  because it passes   under   an   e lec t rode ,  

i t  does   no t   r ece ive   t he   fu l l   phase   sh i f t   i n t ended   fo r  i t .  This   ray  

r ep resen t s  a contr ibut ion  to   "noise"   which limits, f o r  example,  the 

e x t i n c t i o n   r a t i o   t h a t   c a n   b e   a c h i e v e d   i n  a ho lographic-subt rac t ion  

processor .  

A simple model fo r   t he   ana lys i s   o f   t he   e l ec t rode   sys t em  o f  

Fig.  V I - 5  has   been  devised.   In   this   model ,  we assume t h a t   t h e   e f f e c t  of 

each   e l ec t rode   pa i r   on   t he  l e f t  is  s imply  to   produce a s p a t i a l   s t e p -  

funct ion  change  in   phase  on  an  otherwise  perfect   p lane wave. The width  of  

t h e   s t e p  i s  t a k e n   t o   b e   e q u a l   t o   t h e   e l e c t r o d e   s e p a r a t i o n ,  U ,  and t h e  magni- 

tude   o f   the   phase   sh i f t  i s  denoted  by 8 .  Thus, t a k i n g   t h e   d i r e c t i o n   o f  

propagat ion   a long   the   x -ax is  and l e t t i n g   t h e   y - a x i s  l i e  pe rpend icu la r   t o  

t h e   s t r u c t u r e ,  we can write f o r   t h e   d i s t u r b a n c e   a t  x = 0 

U(0,y) = exp[- ikx  + i@{H(ySa/2) - H(y-a/2]] , (VI- 1 ) 

where  H(x) i s  the   Heav i s ide   un i t   s t ep   func t ion  and k i s  the   p ropagat ion  

cons tan t   o f   the   inc ident   p lane  wave. The propagat ion  of   the  dis turbance 

down t h e  waveguide i s  b e s t   d e s c r i b e d   i n  terms of i t s  angular  spectrum; 

i . e . ,  by the  Fourier   decomposi t ion  of   U(0,y)   into  plane waves propagat ing 

i n   v a r i o u s   d i r e c t i o n s .  (47) Angular  spectra  obey a s imple  propagat ion law 

given 'be1ow;so  the  dis turbance a t  any  point  x can  be  reconstructed  by 

inverse   Four ie r   t ransformat ion .  The angular   spec t rum  a t  x=O i s  given  by 

= 6(cu/A) + U(ei'-l) s inC(a  @ / A ) ,  (VI -  2) 

where 

sinc (Z) = s i n  (nz) / (nz) , (VI -  3) 
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h i s  t h e   w a v e l e n g t h   o f   t h e   l i g h t   i n   t h e  medium of  the  waveguide,  and 

cy i s  given  by 

cy'= s i n  5 . (VI-4) 

Here 5 i s  the  angle   between  the  direct ion  of   propagat ion  of  a component 

p lane  wave and the   x -ax is .   Propagat ion   of   th i s   angular   spec t rum  to  

f i n i t e   v a l u e s   o f  x i s  represented  simply  by  appending a f a c t o r  

exp (- ikxJiG 1. (47) Hence t h e   d i s t u r b a n c e   a t  x i s  given  by 
OD 

U ( X , Y )  = e -ikx + a(ei@-l) J s i n c ( a  cy/h)e -ik(*2 + p ) d  (cy/i) (VI-5) 
- w  

The s inc   func t ion   appear ing   above  i s  a common f u n c t i o n   i n   o p t i c s .  It 

has a c e n t r a l  peak o f  width  2h/a ,  beyond  which i t  o s c i l l a t e s   w i t h  

diminishing  ampli tude and per iod  h/U (see F ig .   I I I -3a ) .  When a i s  l a r g e ,  

the  peak becomes narrow and approaches  the  form  of a D i rac   de l t a   func t ion :  

l i m  a s i n c ( a  a h )  = 6 @ / A )  (VI -  6 )  
a -  

Al though   t he   i n t eg ra l   i n  Eq. VI-5 cannot   be  performed  analyt ical ly ,  we 

n o t e   t h a t  kx i s  l a r g e  when x i s  more than a few micrometers. Conse- 

quent ly ,  we can   use   the   s ta t ionary-phase   approximat ion   to   eva lua te   the  

i n t e g r a l   t o  an   accuracy   suf f ic ien t   for   our   purposes .  (48)  According t o  

t h i s  method, we o b t a i n  

- i k x  

2 2 2 
U ( X , Y )  - e + (a /A)  (ei'-l) < x / r m r   s i n c   ( a y / h r ) e  

- i k r+ in /4  
Y (VI-7) 

where r = x + y . Using Eq. (7 ) ,  we c a n   c a l c u l a t e   t h e   i n t e n s i t y  

d i s t r i b u t i o n   o f   t h e   l i g h t ,   I ( x , y )  = IU(x,y)12,  from  which w e  c a n ,   f o r  a 

g i v e n   e l e c t r o d e   d e s i g n ,   c a l c u l a t e   t h e   f r a c t i o n  of l i g h t   c o r r e s p o n d i n g   t o  

r ays  "A", "Brc and "C" o f   F ig .  VI-6. 

There are seve ra l   po in t s   abou t   t he   ca l cu la t ions   ou t l i ned  above 

t h a t   s h o u l d   b e   b r o u g h t   o u t .   F i r s t ,   t h e   s t e p - f u n c t i o n   p h a s e   s h i f t  assumed 

i n   t h e  model i s  a wors t -case   choice   f rom  the   v iewpoin t   o f   de le te r ious  

e f fec ts   o f   d i f f rac t ion ,   because   the   abrupt   phase   change   causes   l a rger  

v a l u e s   f o r   t h e   F o u r i e r  components of t he   h ighe r   spa t i a l   ha rmon ics  (cy/h). 

Real e l e c t r o d e s  w i l l  invar iably  produce more gen t l e   phase   va r i a t ions .  
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Second, i t  should   be   no ted   tha t   the   e f fec t   o f   changing  $3 i s  to   change   t he  

amplitude and  phase  of   the  diffracted terms b u t   n o t   t h e i r  form.  This 

w i l l  be  important below i n   c o n s i d e r i n g   t h e   i n f l u e n c e   o f   d i f f r a c t i o n   o n  

the   ho lographic-subt rac t ion   process ;   here  it means t h a t   a n   e l e c t r o d e  

des ign   which   min imizes   the   d i f f rac t ion   e f fec ts   for   one   va lue   o f  @ w i l l  do 

so f o r   a l l   v a l u e s   o f  @ t o  good approximation.   Final ly ,  i t  should  be 

n o t e d   t h a t   t h e  first t e r m  of E q .  (7) r e p r e s e n t s   a n   i n f i n i t e   p l a n e  wave, 

whereas i n  p r a c t i c e   t h e  beam will b e   f i n i t e   i n   e x t e n t .  The p r i n c i p a l  

e f f e c t   o f  a f i n i t e  beam width i s  t o   r e p l a c e   t h e   f i r s t  term of E q .  (2) 

by a term W s i n c  (Wh), where W i s  t h e  beam width.  When W >> a ,  w e  can 

ignore   th i s   re f inement .   Us ing  E q .  (7) ,  w e  f i n d   f o r   t h e   i n t e n s i t y  

d i s t r i b u t i o n  

I ( x , y )  = 1+2(ax/hr) mr sinc(ay/hr)Re{(ei@-l)e  iTr/4e- i k  (r-x) I +  
(a/A)2.1ei'-112(hx 2 3  /r s i n c  2 (ay /hr ) .  (VI- 8)  

The amount o f   l i g h t   e n t e r i n g   t h e   c h a n n e l   a t  x=O i s  t h e   i n t e g r a l  of E q . ( 8 )  

over   the   channel   wid th ,   o r   s imply  a f o r  a uni t   ampl i tude   inc ident  beam. 

The amount of   l igh t   cor responding   to   rays  "A" i s  t h e  same i n t e g r a l  

e v a l u a t e d   a t  x=b+c, the   l ength   o f   the   channel .   For   rays  "C" , w e  use  

the   i n t eg ra l   f rom y = a / 2  t o  y = (a/2)+d (d i s  the   e l ec t rode   w id th )  and 

f o r   r a y s  lrBrr , t he   i n t eg ra l   f rom y = (u/2)+d to   y=a ,   bo th   cases   eva lua ted  

a t  x=b+c. The in tegra ls   cannot   be   eva lua ted   exac t ly ,   bu t   numer ica l   eva lua-  

t i o n  w i l l  n o t   b e   d i f f i c u l t .  The i n t e g r a l s  must  be mult ipl ied  by 2 f o r  

rays  "B" and 'IC" i n   o r d e r   t o   a c c o u n t   f o r   r a y s   d i f f r a c t e d   b o t h  upward  and 

downward. 
Holographic   Subtract ion.   Analysis   of   the   operat ion  of  a holo- 

g r a p h i c - s u b t r a c t i o n   p r o c e s s o r   i n   t h e   p r e s e n c e   o f   d i f f r a c t i o n  i s  a very  

complex t a s k .  The presence  of   the  spherical  waves i n  E q .  (5) due t o  

d i f f r a c t i o n  makes the  coupled-wave  analysis (49 )  of   ho lography  in t rac tab le .  

Two approaches  to   the  problem  have  been  invest igated.   In   the f irst ,  t h e  

i n t e g r a l   i n  E q .  ( 5 )  i s  approximated  by a f i n i t e  sum, and the  correspond- 

ing  hologram becomes a superpos i t ion   o f   p lane   g ra t ings .   Dur ing   readout ,  

each component o f   t he   s igna l  beam i s  assumed t o   b e   d i f f r a c t e d  by  each 

grat ing  of   the  composi te   hologram,  but   to   be  coupled  only  to   the  reference 
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beam. This   approximat ion   v io la tes   conserva t ion   of   energy ,   bu t   the   v io la -  

t i o n  is not   severe   i f   the   ho logram is n o t   t o o   e f f i c i e n t .  Complete a n a l y s i s  

of   even  this   approximation i s  n o t   p o s s i b l e ,   b u t   t h e   r e s u l t i n g  set of  equa- 

t i ons   can   be  programmed f o r  computer  solution. A simpler  approach i s  t o  

model t h e  s i g n a l  beam a s   t h r e e   d i s c r e t e  beams cons i s t ing   o f   an   und i f f r ac t ed  

main beam of  amplitude  S(x) and  two d i f f r a c t e d   s i d e  beams of  amplitude 

S+(x) and S (x). To o b t a i n  t h e  r e l a t i v e   v a l u e s   o f  these ampli tudes  a t  t h e  

en t rance   to   the   ho logram,  x=O, i t  i s  appropr i a t e   t o   d iv ide   t he   s inc   func -  

t i o n  of Eq. V I - 2  i n t o   t h r e e   s e c t i o n s :  a c e n t r a l   s e c t i o n   h a v i n g  an area  cor-  

responding   to  S(0)  and  two equal   sec t ions   on  e i ther  s i d e   o f   t h e   c e n t r a l  

s ec t ion   hav ing   a r eas   co r re spond ing   t o  S*(O). 

I f   t h e   t h r e e   s i g n a l  beams  and  a r e fe rence  beam R(0) are   s imul-  

taneous ly   inc ident   on   the   ho logram  used   for   the   subt rac t ion   process ,   the  

corresponding  ampli tudes  a t  a depth x i n t o   t h e  holograms  are 

R(x) = R(0)  cos(‘l?x)-1 S(0 )  s i n v x )  (VI-  9 ) 

S(x) = -iR(O) s i n v x )  + S(0)  cos (‘l?x) (VI- l o )  

U(x) = S+(x) + s- (x) = 2 S+(x) 

= Z p f S ( 0 )  - i[nR(O) + vS(O) ] s in ( rx ) / r  + 
b s  (0) + W O )  1 [COS r x )  - 1 1  /rl,  

where p = S,(O)/S(O) and, 

( V I - 1 1 )  

r = (eR)cos(es) , (VI -  12) 

w i t h  BR and O s  equa l   to   the   inc idence   angles   o f   the  R and S beams, 

r e s p e c t i v e l y .  IC and v a r e   c o u p l i n g   c o n s t a n t s   f o r   t h e   v a r i o u s   d i f f r a c -  

t i on   p rocesses ,   acco rd ing   t o  t h e  fol lowing scheme: 

Coupled Coup 1 i n g  
Beams Constant 

R- S H 

R- Sk PH 

s- s* P V  

s*- s- P 
The value  of p is  determined by angu la r   i n t eg ra t ions   ove r   po r t ions  of t h e  

cen t r a l   l obe   o f   t he   s inc   func t ion :   Def ine  
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A / %  A /a  
5, = 2S’a s i n c  (acr/h)d(or/h) ; 5, = S a s i n c  (acr/h)d @ / A )  

0 A /% 
(VI -  13) 

Then w e  write 

S ( O )  = S,[I + (ei’-1)s01 (VI-  14)  

’ p = (ei’-1)5,/[1 + ( e i5 -~ )50~  . (VI-  15) 

and 

F i n a l l y ,  w e  de f ine   t he   ampl i tude  and  phase  of   the  reference beam by 

R(0)  = R e Y 0 (VI-  16) 

The o u t p u t   s i g n a l  beam ‘ i n   t h i s  model c o n s i s t s   o f   t h r e e   p l a n e  

waves,  propagating a t  a smal l   angular   separa t ion  6. These  produce  an 

i n t e r f e r e n c e   p a t t e r n  whose pe r iod   i nc reases   w i th   dec reas ing  6 .  To o p t i -  

mize   the   e f f ic iency   of   ho lographic   subt rac t ion ,  i t  i s  n e c e s s a r y   t o   d e t e r -  

mine the   va lue  of $ which  minimizes   the  s ignal-beam  output   intensi ty  I out  
when cp has   the   va lue   used   to  write the  hologram, cpw. Using   t h i s   va lue  

of $ one   nex t   de t e rmines   t he   r a t io  S /R  which  further  minimizes I 0 0  ou t  ’ 
Denote the  doubly  minimized  value  of I by Imin. Next allow @ t o   r a n g e  

o v e r   [ 0 , 2 ~ ]  and seek   t he  m a x i m u m  va lue ,  Imax, of Iout. The r a t i o  Imax/Imin 

i s  t h e   a c h i e v a b l e   e x t i n c t i o n   r a t i o   f o r   t h i s  model. 

ou t  

I n   o r d e r   t o   d e t e r m i n e  I w e  i n s e r t  Eq. IV-  10 and IV- 11 i n t o  min ’ 
t h e   e x p r e s s i o n   f o r   t h e   o u t p u t   s i g n a l  

-ig+ - r + Se Z, + S-e -io- - r 
Aout = s+ e 

N (VI-  17)  

w i th  

N CT = k(cos B S ,  - s i n  e,) , 

N f  = k(cos(es f c ) ,  - s i n ( e S  f 6)) 
3 g + a  9 

“ 

- 
N (T = kc   ( s in  B S ,  cos  e,); ‘2 . = 0 . 

(VI -  18) 

(VI-19) 

(VI- 20) 
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Since S+ = S- = (1/2)U  by  symmetry, we have 

*out = e - [ S  + u cos(E 9 1  (VI-21) -iz r 

- 
N 
a i s  the   "g ra t ing   vec to r "   o f   t he   i n t e r f e rence   pa t t e rn   p roduced   i n   t he  

output  by t h e   d i f f r a c t e d   s i d e  beams. The p e r i o d   o f   t h i s   p a t t e r n  i s  

~ = - - " " - -  2Tr A 3 a  ( V I -  22) 

I" I 5 2  

Unless   the   de tec tor   d imens ions   a re  much smal le r   than  a t h e   i n t e r f e r e n c e  

p a t t e r n  must  be  accounted  for  by some averaging  process .   Since  the 

oppos i t e   ca se  i s  envis ioned,   namely  that  a i s  much smal le r   than   the   de tec-  

to r   d imens ions ,  w e  must  average  over many pe r iods   o f   t he   cos (2  L) term. 

Thus, w e  will f i n d   f o r   t h e   i n t e n s i t y ,  

- 

Iou t  : 

Iout  = <Is + u cos E & I 2 )  
= l S l 2  + + I 2  

I f  w e  now rewrite Eqs.  VI-10  and VI-11 i n   t h e   f o r m  

S =  S R e  i$ + S s S o  , 

U = U  R e  i$ +USSO , 

R o  

R o  

we g e t   f o r  I upon  minimizing  with  respect  to 6 ,  ou t  ' 

l 2  + ISsl ] So2 - R S D 2 
0 0  

l 2  + lSRl l R O  
2 2  

t o  S /R t o   g i v e  
0 0  

1 D2 

b S l 2  + 21ss12 

1 
Iout  = [y Ius 

This  i s  minimized  with r e spec t  

,I2 + Is,  

(VI -  23) 

(VI -  24) 

(VI- 25) 

(VI-  26) 
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In   t hese   equa t ions ,  

D2 = [Re(URUs ) + 2Re(SRSs ) ]  
* * 2  

When a is  much l a r g e r   t h a n   t h e   d e t e c t o r ,   t h e   a v e r a g i n g   i n  Eq. VI-23 does 

no t   t ake   p l ace .   In   t ha t   even t   t he   f ac to r   cos  (E 2) can be  taken as 

cons t   an t ,  and one   f i nds  I = 0. min 
Because  of  the  complicated  dependence  of  the  parameters  of  this 

model  on cp, and cp, it  is  n o t   p r a c t i c a l   t o   c a r r y   t h r o u g h   t h e   v e r y   t e d i o u s  

a l g e b r a   r e q u i r e d   t o   e v a l u a t e  I Instead,   numerical   procedures  w i l l  be  

implemented so tha t ,   once   t he   e l ec t rode   pa rame te r s  are known, I and 

Imax’Irnin 

max.  

max 
can  be  determined. 

While t h e  model  used  here i s  s imple,  it p o i n t s   t h e  way t o  a 

more r e a l i s t i c  model  which  can u t i l i z e   t h e   f u l l   a n g u l a r   s p e c t r u m   o f   t h e  

d i f f r a c t e d  beam to   de t e rmine  a r e a l i s t i c  estimate o f   t h e   e x t i n c t i o n   r a t i o  

a t t a i n a b l e .  The model may a l so   be   ex tendable  t o  more r e a l i s t i c   p h a s e - s h i f t  

p r o f i l e s  and t o  more than   the   one-channel   opera t ion   cons idered   here .  

S m a r  y 

D i f f r a c t i o n   e f f e c t s   d u e   t o   t h e   e l e c t r o d e   s t r u c t u r e   i n f l u e n c e   b o t h  

the   ope ra t ion   o f   t he   e l ec t rodes  and the  operat ion  of   the  holographic   sub-  

t r a c t i o n   p r o c e s s .  The s t a t i c  d i f f r a c t i o n   e f f e c t s   o f   t h e   e l e c t r o d e   s t r u c -  

t u r e ,   a s  well as. s c a t t e r i n g   o f   l i g h t  by imper fec t ions   i n   t he   wavegu ide ,  are 

p a r t i a l l y  compensated  by  the  hologram,  while  dynamic  effects,   arising  from 

t h e   a p p l i c a t i o n   o f   v o l t a g e s   t o   t h e   e l e c t r o d e s  are no t .  The r e s i d u a l  s t a t i c  

d i f f r a c t i o n   e f f e c t s  and t h e  dynamic d i f f r a c t i o n  effects limit the   ex t inc -  

t i on   r a t io   t ha t   can   be   ob ta ined   w i th   t he   p rocesso r .   Us ing   s impl i f i ed   mode l s  

o f   t he   phase   sh i f t   i nduced  by t h e   e l e c t r o d e s  and of   the   d i f f rac t ion   produced  

by  them,  formulae  have  been  obtained  to  aid  in  the  design  of  electrode  struc- 

t u r e s   t h a t   m i n i m i z e   d i f f r a c t i o n  and t o   e s t i m a t e   t h e   l i m i t a t i o n s   p l a c e d   o n  

the   ex t inc t ion   ra t io .   Us ing   the   formulae   deve loped ,   numer ica l   eva lua t ion  

o f   s p e c i f i c   e l e c t r o d e   s t r u c t u r e s  w i l l  b e   poss ib l e .  
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V I I .  SUMMARY AND CONCLUSIONS 

Th i s   p rog ram  has   i nvo lved   t h ree   i n t e r r e l a t ed   l i nes  of 

i n v e s t   i g a t   i o n  : 

A study  of  the  problems  involved i n  t h e   f a b r i c a t i o n  

of   an  integrated-opt ics   Fourier- t ransform  system. 

A cons idera t ion   of   the  ways i n  which  fntegrated 

opt ica l   da ta -process ing   techniques   could   be  

a p p l i e d   t o   s o l v e   s p e c i f i c  NASA data-handl ing 

problems. 

The conception  of and p r e l i m i n a r y   t h e o r e t i c a l  

and experimental  work on a new class  o f   i n t eg ra t ed  

op t i c s   da t a   p rocesso r s   based  upon holographic  

s u b t r a c t i o n .  

The Four ie r - t ransform  s tud ies   emphas ized   the   des ign ,   fabr ica t ion ,  

and characterization  of  geodesic  waveguide  lenses.   Lenses were s e l e c t e d  

f o r   a t t e n t i o n   b e c a u s e   o f   t h e i r   c r i t i c a l   i m p o r t a n c e   t o   a n y   o p t i c a l   F o u r i e r -  

transform  system.  Geodesic  lenses were chosen  because  of  their   compati-  

b i l i t y   w i t h  a wide v a r i e t y   o f   i n t e g r a t e d   o p t i c a l   m a t e r i a l s ,  and  because 

of t h e   p o s s i b i l i t i e s   t h i s   t y p e   o f   l e n s   a f f o r d s   f o r   c o r r e c t i n g   s p h e r i c a l  

a b e r r a t i o n s .  

Among t h e   p r i n c i p a l   r e s u l t s   o f   t h e   l e n s   s t u d y  were the  fol lowing:  

(1) product ion  of   geodesic   lenses   in   Pyrex and photochromic  glasses,  

(2) deve lopment   o f   t echniques   for   g r ind ing   depress ions   in   c rys ta l l ine  LiNb03; 

(3) development  of  an  accurate  method  for  measurement  of  focal  characteris-  

t ics  of  waveguide  lenses; and ( 4 )  development  of  computational  methods  for 

des ign ing   d i f f r ac t ion - l imi t ed   l enses   w i th   u se fu l   ape r tu re s   a s   l a rge   a s  10 nun. 

Cons ide ra t ion   o f   t he   po ten t i a l   o f   i n t eg ra t ed -op t i c s   t echn iques  

f o r   a l l e v i a t i n g  NASA data-handling  problems was unde r t aken   j o in t ly   w i th  

NASA personnel.  The c o o p e r a t i v e   e f f o r t   l e d   d i r e c t l y   t o   t h e   c o n c e p t   o f  

t he   ho log raph ic - sub t r ac t ion   sys t em  fo r   p rocess ing   mu l t i channe l   da t a .  We 

b e l i e v e   t h a t   t h e   u l t i m a t e   c a p a b i l i t y   o f   t h e   s y s t e m  w i l l  b e   t o  compare 

s imultaneously a se t  of   severa l   hundred   input   vo l tages   to  a r e fe rence  set 

o r  a l i b r a r y   o f   r e f e r e n c e  sets a t  nanosecond ra tes .  

100 



In   t he   p re l imina ry  work  done  on the  holographic-subtract ion  sys-  

tem in   the   p resent   p rogram,   exper imenta l  and t h e o r e t i c a l   s t u d i e s  of wave- 

guide   ho logram  format ion ,   e lec t rode   d i f f rac t ion   e f fec ts ,  and holographic  

s u b t r a c t i o n  were performed. The r e su l t s   suppor t   t he   conc lus ion   t ha t  a 

device  capable  of  handl ing   the   da ta   ou tput   o f   the  NASA Multichannel Ocean 

Color  Sensor i s  c l e a r l y   f e a s i b l e .  Moreover,  they show no  fundamental 

reasons why hundred-channel  devices  with  nanosecond  cycle times cannot  be 

b u i l t .  
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APPENDIX 

FORMATION OF METAL PATTERNS ON LiNb03 
BY PHOTOLITHOGRAPHIC TECHNIQUES 

C . M. Chapman 

The success fu l   ope ra t ion   o f   t he   i n t eg ra t ed   op t i c s   dev ices  

d e s c r i b e d   i n   t h i s   r e p o r t   r e q u i r e s   t h e   d e p o s i t i o n   o f   m e t a l   e l e c t r o d e s   o n  

the   sur face   o f   the  LiNbO waveguides. The photo l i thographic   t echniques  

found t o  be s u i t a b l e   f o r   t h i s   o p e r a t i o n  are d e s c r i b e d   i n   t h i s  Appendix. 
3 

I n  those  cases  where a commercially made mask was not   a t   hand,  

a photographic   f i lm mask was prepared a t  B a t t e l l e .  Both p o s i t i v e  and 

nega t ive   pho to res i s t s  were employed. Electr ical  con tac t  was made wi th  

a i r - d r y   c o n d u c t i n g   s i l v e r   p a i n t .  

Mask Fabr i ca t ion  

The m a s t e r   p a t t e r n  was prepared  on a t r a n s p a r e n t   a c r y l i c   p a n e l  

(P lex ig las ,   Perspex)   3 .2  mm th i ck ,   u s ing   1 .6  mm-wide se l f - s t ick ing   opaque  

t a p e   f o r  narrow l i n e s  and f o r   o u t l i n i n g   l a r g e   a r e a s ,   s u c h   a s   c o n t a c t   p a d s ,  

to   be   covered   by   b lack   c ra f t   paper .  The c lear   pane l   a l lowed  backl ight ing  

f o r   h i g h   c o n t r a s t ,   s h a r p   e d g e   d e f i n i t i o n ,  2nd uni form,   h igh   in tens i ty  

i l lumina t ion   by  a simple  array  of  f loodlemps. A one-step  photoreduct ion 

of   the mask onto 35-mm very-h igh- reso lu t ion  Kodak 649GH f i l m  was made 

us ing  a Konica T-2 camera with  f /1 .8   lens .   This   procedure  has   proven 

s a t i s f a c t o r y   f o r   l i n e  and space   w id ths   a t   l ea s t  as small as  1 2  pm. 

In  some ins t ances  i t  has   been   necessa ry   t o   t r ans fe r   t o  f i l m  a 

c o m e r c i a l l y  made metPl . -on-g lass   pa t te rn   in   o rder   to   o f f -center   the   pa t te rn  

beyond the   capabi l i ty   o f   the   photo l i thographic   exposure   appara tus .  A con- 

vent ional   photo-enlarger   equipped  with  e lectronic   f lash  has   produced  an 

acceptable   pat tern  on  Jbdak 649GH f i l m  i n  which l i n e   w i d t h s  and spacing 

were as small as 3.4 wm. 
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Subs t r a t e   P repa ra t ion  

LiNbO subs t r a t e s ,   nomina l ly  3.2 mm t h i c k ,  were meta l l ized   by  3 
hot -boa t   evapora t ion   of  aluminum i n  vacuum us ing  a tungsten  boat.  Approxi- 

mate metal th i ckness  was 0.1 pm. 

P r i o r   t o   m e t a l l i z a t i o n ,   s u b s t r a t e s  were c l eaned   by   r i n s ing   i n  a 

mixture   o f   equa l   par t s   o f   ace tone ,   i sopropanol ,  and t r i c h l o r e t h y l e n e ,   f o l -  

lowed  by soaking and g e n t l e  swabbing i n  warm (6OoC) MICRO Laboratory 

Cleaning   Solu t ion   (bas ica l ly  a l i q u i d   d e t e r g e n t ) .  Warm t a p  water was used 

f o r   t h e   f i r s t   r i n s e ;   t h e   f i n a l   r i n s e  was demineral ized water a t  room tem-  

pe ra tu re .  The s u b s t r a t e s   t h e n  were ba' zd for   about  2 hour s   a t  21OoC i n  

c i r c u l a t i n g  a i r  and t r a n s f e r r e d   t o   t h e  vacuum chanber as soon  as   they were 

coo l  enough to  handle.   Care was t aken   t o   min imize   t he   poss ib i l i t y   o f  

damage by thermal  shock  by  temperature  cycling  the  oven,  thus  permitt ing 

the   s amples   t o   be   i n se r t ed  and  removed a t   n e a r  room temperature .  

After meta l l iza t ion ,   samples  were s t o r e d   i n  a des 'ccator  j a r  

u n t i l   a p p l i c a t i o n   o f   p h o t o r e s i s t .  

Photol i thographic   Procedure 

The photoli thographic  procedure  comprised 1) sp in-   appl ica t ion   of  

pho to res i s t   on to   t he   me ta l l i zed   subs t r a t e ,   2 )   bak ing   t he   pho to res i s t ,  

3) UV e x p o s u r e   t o   t h e   p a t t e r n ,  4 )  d e v e l o p i n g   t h e   p a t t e r n   i n   t h e  res is t ,  

5 )  baking  the  remaining resist ,  6 )  e t c h i n g   t h e   p a t t e r n   i n   t h e  aluminum 

l a y e r ,  and 7)  removing the  remaining resist. This   general   procedure was 

t h e  same f o r   b o t h   t h e   p o s i t i v e  and negat ive  resists employed;  however, t h e  

e t c h a n t s  were d i f f e r e n t .  An a l k a l i n e   e t c h a n t  ..vas L..-d w i t h   t h e  KTFR (Kodak 

Thin-Fi lm  Resis t )   negat ive resist and ac id i c   e t chan t   w i th   t he   Sh ip ley  

AZ 1350 resist. The e t chan t   fo rmula t ions   fo r  aluminum were: 

Alkal ine  Etchant  

Solu t ion  A - deionized water 1000 pm ( m l )  

So lu t ion  B - deionized  water 3000 pm3 (ml)  
po ta s s ium  f e r r i cyan ide  1000 pm3 (ml)  

3 

sodium  hydroxide 500 gm 



When needed, 1 pa r t   So lu t ion  A was mixed wi th  3 p a r t s   S o l u t i o n  B (by  volume) 

and the  mixture   used a t  room temperature.  

Acidic   Etchant  

deionized water 
phosphoric  acid  (conc .) 
acetic acid  (conc.)  
n i t r i c   a c i d  (conc .) 

100 pm (ml)  3 

800 pm3 (ml) 
50 pm3 (ml)  
IO pm3 ( m l )  

This   mixture  was used   a t  room temperature .  

The KTFR negat ive  resist  was used  with  the BCL-made f i l m  masks 

and metal-on-glass  masks i n  which   the   t ransparent   reg ions   cor respond  to  

the   des i r ed   pa t t e rn .  The parameters   assoc ia ted   wi th   the  7 procedural  

s t e p s   s t a t e d  above were: 

1) Spin-coating  of resist: 5000 rpm f o r  30   seconds   for   the  

resist wi th  a nominal   v i scos i ty   o f  100 mN s / m  ( cen t ipo i se s )  

as  measured  on a Brookfield  viscometer ;  less viscous resists 

2 

a l s o  were employed. Resist f i l t e r i n g  was not   necessary 

f o r   t h e   c o a r s e r   p a t t e r n s .  

2)  Pre-bake: 8OoC i n  a n i t rogen   a tmosphere   for  2 0  minutes.  

3) W exposure: 30 t o  45  seconds  to  a 100 W mercury  arc 

lamp w i t h  no f i l ter .  The exposure   s t a t ion  i s  a Kulicke 

and Soffa  Model 675 wi th  vacuum hold-down f o r  sample and 

mask to   e f fec t   p ressure   contac t   be tween mask and resist .  

4)  Develop: 45- t o  60-second  f ine-spray .appl ica t ion   of  

KTFR r i n s e   f o r  30 t o  60  seconds. 

5)  Post-bake: 8 O o C  i n  a ni t rogen  a tmosphere  for  30 minutes.  

6 )   E tch :   f i ne - sp ray   app l i ca t ion   o f   e t chan t   un t i l   v i sua l ly  

complete  removal  of  aluminum,  usually 10 to   15  seconds.  

7) Resist removal :   subs t ra te  innnersed i n   d e v e l o p e r   f o r  

20 t o  30  minutes ,   then  in  an equal   par t s   mix ture   o f  

acetone,  isopro.pano1, and t r i ch lo re thy lene ;   so f t ened  

resist then   pee led   in   shee t   segments  by  use  of a poin ted  

wooden probe. 

These  procedures were employed i n   p r e p a r i n g   t h e   p a t t e r n   o f  

Fig.  V I - 4  on LiNb03. The resist  r e m v a l  by  peel ing was s a t i s f a c t o r y  and 
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prec luded   t he   u se   o f   ho t   l i qu id   s t r i pp ing   agen t s   cus tomar i ly  employed f o r  

removal  of  exposed KTFR resist. I n   f a b r i c a t i n g   p a t t e r n s   f i n e r   t h a n   t h a t  

of  Fig.  VI-4 sample  immersion r a the r   t han   sp ray   app l i ca t ions   o f   t he   va r ious  

p rocess ing   so lu t ions  was used t o  minimize  mechanical damage t o   t h e  deve- 

l oped   p ro t ec t ive  resist. 
The Shipley AZ 1350  pos i t ive  resist was used  with  metal-on-glass  

masks i n  which t h e  opaque   reg ions   cor responded  to   the   des i red   pa t te rn .  

Steps 1 through 6 were t h e  same as  descr ibed  above  for  KTFR, excep t   t ha t  

Shipley  developer  was used,  followed  by a 20 : l   d i lu t ion   o f   deve lope r   w i th  

demineral ized water f o r  20 seconds as a f i r s t   r i n s e  and demineral ized  water  

a lone   as  a f ina l   r inse .   E tch ing   usua l ly   took   about  60 seconds.   Step 7 ,  

resist removal, was carried  out  simply  by  immersion  of  the  sample  in  acetone 

fo r   s eve ra l   s econds .  Again sp ray   d rop le t s   i n s t ead   o f  immersion  destroyed 

t h e   p a t t e r n   i f  i t  c o n t a i n e d   s u f f i c i e n t l y   f i n e   d e t a i l .  

In   general ,   g iven  the  choice  of   the   appropriate   mask,   the  AZ 1350 

p o s i t i v e  resist i s  p r e f e r r e d   t o   t h e  KTFR negat ive  resist pr imar i ly   because  

of  ease  of  removing  the  unexposed res is t  i n   S t e p  7. A l so ,   t he   pos i t i ve  

resist i s  more hydrophobic   than  the  negat ive and t h e r e f o r e  i s  much less 

s u b j e c t   t o   s w e l l i n g  when sub jec t ed   t o   t he   va r ious   p rocess ing   l i qu ids .  

Since  the  unexposed  areas   of   the   posi t ive resist con t inue   t o   be   l i gh t -  

s e n s i t i v e   a f t e r  sample  removal  from  the UV exposure  equipment,  the  sample 

must   be   p ro tec ted   in   nonf i l te ' red   room-l ight   envi ronments ;   th i s  i s  an 

inconven ience   r a the r   t han   ma jo r   de f i c i ency   fo r   t hose   f ab r i ca t ions  where a 

second  exposure i s  not   requi red .   Nei ther   type   o f  resist has   been   t e s t ed   t o  

t h e  l i m i t s  o f  i t s  r e s o l u t i o n   c a p a b i l i t y  and p r o c e s s i n g   d u r a b i l i t y   w i t h   t h e  

equipment and t echn iques   a t  hand. Resist v i scos i ty   i n   t he   r anges   employed ,  

40   to   100  mN s / m  ( cen t ipo i se s ) ,   has   no t   p roven   t o   be  a c r i t i c a l  process ing  

parameter.  Some problems  have  been  experienced  with  the  appearance  of  what 

seems t o  be   e tch ing  and resist d i s so lu t ion   p roduc t s   on   t he  LiNbOg su r face ,  

e s p e c i a l l y  when immersion r a the r   t han   sp ray   t echn iques  are employed.  This 

contaminat ion   appears   to   be   pecul ia r   to  LiNbO s i n c e  i t  -does  not  appear  on 

g l a s s   o r   a lumin ized   su r f aces .  It has   no t   in te r fe red   wi th   device   per form-  

ance. The problem  has  been  encountered  by  others and should  be  solvable  

wi th   fur ther   exper imenta t ion .  
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